SIMULATION OF PILE LOADING TEST IN A LAYERED SOIL WITH
VERTICAL LOADING BY USING FINITE DIFFERENCE METHOD
BASED SOFTWARE

MSc THESIS

BY BEREKET GEBRESELASSIE GIRMAY

HAWASSA UNIVERSITY , HAWASSA, ETHIOPIA

NOVEMBER, 2020



SIMULATION OF PILE LOADING TEST IN A LAYERED SOIL WITH
VERTICAL LOADING BY USING FINITE DIFFERENCE METHODBASED
SOFTWARE

BEREKET GEBRESELASSIEIRMAY

THESIS SUBMITTED TO THE
DEPARTMENT OF CIVIL ENGINEERING, FACULTY OF CIVIL AND
BUILT ENVIRONMENT, HAWASSA UNIVERSITY INSTITUTE OF
TECHNOLOGY, SCHOOL OF
GRADUATE STUDIES, HAWASSA UNIVERSITY

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE
DEGREE OF
MASTER OF SCINCE IN GEOTECHNICAIENGINEERING

NOVEMBER, 2020



SCHOOL OF GRADUATE STUDIES
HAWASSA UNIVERSITY
ADVI S OARPBROVAL SHEET

This is to certify that the thesis entitl@&IMULATION OF PILE LOADING TEST IN A
LAYERED SOIL WITH VERTICAL LOADING BY USING FINITE DIFFERENCE
METHOD BASED SOFTWARIB and submitted in partial fulfillment of the requirements for
the degree of Master's with specializatioGIEOTECHNICAL ENGINEERINGand has bee
carried out byBEREKET GEBRESELASSIE GIRMAY ID. No PGGeo/006/09under my
supervision Thereforaverecommend thahe studenbas fulfilledthe requirementand hence
hereby can subitnthe thesis to the department

Bereket Gebreselassie eéééééé.
Name of student Signature Date
Tensay Gebremedh({RPHhD) eEéééeééeé.

Major Advisor Signature Date



SCHOOL OF GRADUATE STUDIES
HAWASSA UNIVERSITY
EXAMI NERS6 APPROVAL SHEET

We, the undersigned, members of the Board of Examiners of the final open defense by
BEREKET GEBRESELASSIE GIRMAY have read and evaluated his Thesis entitled
ASIMULATION OF PILE LOADING TEST IN A LAYERED SOIL WITH VERTICAL
LOADING BY USING FINITE DIFFERENCE METHOD BASED SOFTWARMB, and
examined the candidate. This is, therefore, to certify that the thesis has been accepted in the
partial fuffilment of the requirements fothe degree of Master with specialization in
Geotechnical Engineering.

,,,,,,,,,,,,

eeeeeeeeeeee

,,,,,,,

eeeeeee.

Chairperson Signature Date

,,,,,,,

eeeeeee.

rrrrrrr

Tensay Gebremedhin (Bh eéééééé.

Major Advisor

Bereket Bezabih (MSg.

Signature

///////

eeeeeee.

Date

,,,,,,,

eeeeeee.

Internal Exarmer Signature Date
Kifle WoldearegayPhD) eéeéeéeééeé.

ExternalExaminer Signature Date
eééeeéecé. eééeeée.

SGS Approva Signature Date



DECLARATION

I, Bereket Gebresassie, declare that this MShestis is my own original work and has not been
presented for a degree of masters in any other university, and all sources of materials used for
this thesis have beeatuly acknowledged

Name eééeééeéeceéeeéeecéece. . Sign

,,,,,,,,,,,,,,

Date of submi ssion ééééeécééeecéeéece.



Acknowledgments

Above all, I would like to thankhe Almighty God who hagiven me the courage astrength
to complete thiseseach.

I am profoundly indebted td@ensayG. (Phd) for his inspiring, valuable and outstanding lectures,
which laid the foundation for the realization of this thesis.

I would like to express my deepest gratitude to United Bank, Zemen Bank and Nib Bank Project
Management Officers for their kind support in providing the data needed for redeacchd

also like toextend my special thanks to Mr. lyasu for his helpFinally, | am grateful to
acknowledge my family fotheir love and support. | am also thankful for my dearest friends
who have in one way or another helped me for the completion of this thesis.



Table of Contents

///////////////////////////

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

1 Introductioné é é é ¢ é éééééeééeééeéécécécécéceéeéeeéeell
3 I = = od o {0 U o P PPPRPPRRN 1
1.2 Statement Of the Problem............oooiiiie e 2
1.3 Objective Of the StUAY.........ooeiieieiii et e e e e e e e e e eneen s 3

1.3.1 General ODJECHIVE. .......uuueeii e et —————— 3
1.3.2 SPECITIC ODJECHIVE. ..o e e e e e e e e aeeen s 3
1.4 Signifcance of the RESEArCh..........ciiiiiii it 3
1.5 Scope Of the STUY......cccoiiiiiee e 4

//////////////////////////

2. Literature Reviewse e e ¢ é é ééeeeeeeéeééééeéeeceeee.b

P20 I [ o T U Tox 1 o] o PSPPI 5
A o113 o = To [T T 1S oSO 5

pZ N R =Y 1 - | 5

2.2.2 Pile capacity determinatiQnl............coooeiiiiiiiiccce e ee e 6
2.3Numerical Method (Discretized Continuum Approach)..........cccoovvviiiiccce s 8
2.4 Previously Use@onstitutive MOEIS..........cooooiiiiiiiiiii e 10
2.5 Related STUAIES.......cooiiiiiiiie e 11

3. Materials and Methods2 é e e é e e ééeeéeéeéeééeééeéeée 14

3.1 Description Of the StUAY AN a........cooiiiiiiieeee e ee bbb 14
G 200 0t O o o> [ ) P 14
00 O O 111 = = 14
.. 3 GOIOGY. .. e iiiiiiii i e ———————————— 14
G 700 0 o oo To | =Y o] 1 V20 15

3.2. Soil conditions, stratifications and parameters...........cccoveevvvieeereeiiiie e 15
32,0 GBNEIAL. et 15



3.2.2. United Bank Head Quarter Building Project..............ccocciiccreveeveevinnienn, 16

3.2.3 Nib Bank Head Quarter Building Project............ccoooviiiiiieeeiic e 20
3.2.4 Zemen Bank Head Quarter Building PrajecCt.........cccoooeiiiviceeiiiiiiiiieeeeeeeeee 23
3.3 Theory and Implementation of the Proposed Constitutive Madel...................... 36
3.3.1 The State of Stress at a Point within a Soil Mass...............ccvveeeeiiiiiinnnee. 36
3.3.2 ConStitutive MOAEIS......ccooeii e 37
3.3.3 Ircremental FOrmMuUIAtioN. .........iiiii e 38
.34 EIASHC MOUEL.......uueiiiiieee e 40
.35 PIASHC MOUEL.......euiiiiiieiee e 41
3.4 Finite difference method based Numerical madel................ccccoomniiiiiiciiiinnnee, 55
Gt R =T T - T 55
3.4.1.3 Main CalCulation STEP........uuuuiiiiiiiiiiii et 58
3.4.2 PileSoil/RockInteraction Modeling...........ccccouuiiiiiiiiimmeiiiiiiiie e 59
3.4.3 Finite Difference ModeLONSIIUCHION..........ccvvviivriiiiiiimreeeeiiiiree e e e eeeees 62
3.4.4 Effect of MeSh QUANILY...........uvuiieiiiiii et 63
3.4.5 MOdeling ProCEAULE.........uuueiei e e e eeees e e e e e e e e eeeeeeeeaanneen ) 68

4. ResultsandDiscussiohé e e ééééeeceéééeeeceéeééeeeéée. 72.

4.1 Validation and Verification of FDM Simulated ReSUltS...........ccccoevvivviccceeeeeeeenn. 72
4.2 Comparison between Numerical Analysis and Actual Pile Load Test Results....75
4.2.1 Load Settlement analysis reSUlL...............oovvviiiccceeeieeeeeeieiicee s ememeeeennnnen U D
4.3 ParametriC StUAY ... .ccoeiie e e e e eeeeeeeei e e eee e e e e nnannne 78
4. 3.1 Youn.g.Qs..Mo.dul . US. e, 78
4.3.2 SOIl DIALANCY.......cevriiiiiiee e e et eeeer e e e e e e e e e e e e e e e e e e nnnreeeeees 81
4.3.3 Angle of Internal FriCtON..........oooiiiiii e 82

5. Conclusions and Recommendatiotsé é¢ ¢ é é é ¢ é é ééééééééé 8l

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

""""""""""""""""""""



Appendix Bi Pile load test data...............coevvviiiiimmmriiiiceeeee s 121
AppendixC- Data File of the Proposed Numerical Model for Nib Bank Project......133

Vi



List of Tables
Table 3.1 Description of soil strata of United Bamklding project,(obtained from the soil

investigation report DY CDSC).......oooiiiiiieiieemmr e et a e e e e e e e e 18
Table 3.2 Description of soil strata of Nib Babkilding project, (obtained from the soil
investigation report DY TCDSQ)......uuuuiiiiiiiiiiiiiii et s e e e e e e e 21
Table 3.3 Description of soil strata of Zemen B#miiding project, (obtained from the soil
investigation report by BEST consulting PIC.).......cccuuiiiiiiiiiiieeeiiieeeeeee e 24
Table 3.4 Constants to be used for the computation of E using Mezenbach equation27
Table 3.5Stiffness modulus values of the soil for United bank building project............ 29
Table 3.6Stiffness modulus values of the soil for Nib bank building project bank projef
Table 3.7Stiffness modulus values ofdfsoil for Zemen bank building project............... 31
Table 3.8 Angle of internal friction of the soil for United bank building praject............ 32
Table 3.9 Angle of internal friction of the soil for Nib bank building project................. 33
Table 3.10 Angle of internal friction of the soil for Zemen bank building praject......... 33

Table 3.11 Initial stress coefficient values of the soil for United bank building project.35
Table 3.12 Initial stress coefficient values of the soil for Nib bank building project.....35
Table 3.13 Initial stress coefficient values of the soil for Zemen bank building project36

Table 3.14Parameters fgpile constitutive model................euiiiiiiiiccecccce e 41
Table 3.155ummary of DP soil parameters for United bank building project...............: 48
Table 3.16Summary of DP soil parameters for Nib bank building project.................... 49
Table 3.17Summary of DP soil parameters for Zemen bank building project.............. 50
Table 3.18nterface parameters for United bank..............oooovvivimene e 60
Table 3.19 Interface parameters for Nib bank project............cccoc s 60
Table 3.20 Interface parameters for Zemen bank Project............ccuvvevieeeriivvviviinennnne. 61
Table 3.2IMeasured mesh condition for ratio (1, 2LI15).....ccceiiieiiiieiiiiiiieeeee e 66
Table 3.22Vieasured mesh conditions for ratio (1, 1, 1,.1).....cccooiiiiiiiiiiiiiiee e 66
Table 4.1 Comparison of total vertical stress for Nib bank building project................. 73
Table 4.2 Comparison of total vertical stress for Zemen bank project...............c.vuueeee. 73
Table 4.3 Comparison of total vertical stress for United bank praject.............ccceeeeeeee. 73
Table 4.4 Soil design pameters for the simulatian.................ccoon 74

vii



List of Figures

Figure 2.1 (A) Ideal plunging, (B) graph witimclear failure point..............cccccceeeiivieeennnnnns 7
Figure 3.1 Loasekettlement graph, United bank test pile 1(from test reports by Anchor
o TH] T F= 11 0] o TSR SRPPPPPPPPRRTRR 19
Figure 3.2 Loasekettlement graph, United bank test pile 2(from test reports by Anchor
o TH] T F= 11 0] o TSR SRPPPPPPPPRRTRR 19
Figure 3.3 Loatsettlement graph, Nib bank test pile 1(from test reports by Anchor Foundation)
..................................................................................................................................... 22
Figure 3.4 Loaesettlement graph, Nib Bank test pile 2(from test reports by Anchor Foundation)
..................................................................................................................................... 22
Figure 3.5 Loasekettlement graph, Zemen bank test pile 1(from test reports by Anchor
o 10 o F= 11 0] o TS ERPPPPPPPUTRTRR 25
Figure 3.6 Stress threedimensional SPACE..........coovvi i 37

Figure 3.7FLAC®P Drucker Prager failure criterion (Itasca Consulting Group, 2012)....43
Figure 3.8Drucker Prager model domains used in the definition of the flow rule (ltasca

CoNSUIING GroUP, 2012).....ceiiiiiiiiiieeie e n e e e 45
Figure 3.9DruckerPrager and von Mises yield surfaces in principal stress space (ltasca
Consulting Group, 2012)......cciei e e e ettt mmme e e e e e e e e e —————— 47
Figure 3.10 MohCoulomb and Tresca vyield surfaces in principal stress space (ltasca
Consulting Group, 20L2)......ciie i e eee e eeee e et mmme e e e e e e e e e —————— 47

Figure 3.11FLAC®P Mohr-Coulomb failure criterion (Itasca Consulting Group, 2012)...52
Figure 3.12Mohr-Coulomb modef d omai ns used i n the deyniti.i

CoNSUIING GroUP, 2012).....cceiiiiiiiiiiee e ee e e e 54
Figure 3.13Finite difference equation derivation..................uuveeeiieeeiiiniiiiiieieeeeeeee e 57
Figure 3.14Calculation cycle (Roger Hart and Varun, 2012)...............cvvvvvicceeeeeennnnnnns 59
Figure 3.15Comparison between pile tip and total resistance (Nib bank project pile.n611)
Figure 3.16Typical discretization of computational model (Zeleke, 2015).................... 63
Figure 3.17 Interface consisting of eight triangular interface elenfttasca Consulting Group,
120 5 PRSP RR P 63
Figure 3.18The order of numbers that grid lines are represented to i.e. 8139, 4" 65
Figure 3.19%iner mesh near the pile (high stress gradient zane)............ccccooovveeceeee 67
Figure 3.20C0arser mesh near the pile..........cccuuiiiiiiiiieeciii e 67
Figure 3.21Effect ofmesh type in load settlement curve.............ccccvvviieeenniiiiiiiinnnd 68
Figure 3.22General Solution ProCEAUIE..........oovuiiii i eeee e 71
Figure 4.1 Comparison of loakttlement graph............cooiiiiiiiiieii e, 74

Figure 4.2Comparison of finite difference method with pile load test (Nib pile no..1)...76
Figure 4.3 Comparison of finite difference mettvaith pile load test (Nib pile no. 2)........ 76
Figure 4.4 Comparison of finite difference method with pile load test (United pile no. 7}
Figure 4.5 Comparison of finite difference method with pile load test (United pile no. Zj

viii



Figure 4.6 Comparison of finite difference method with pile load test (Zemen pile.na.78)
Figure 4.7 Effect of youngdas..modul.us..8f the
Figure 4.8 Effect of youngos..madul.us..8f the
Figure 4.9 Effect of youngds modul us ..80f t he
Figure 4.10 The effect of ..y.o.un.go6.s...mo.d.B80 us a
Figure 4.11 The effect of dilation angle on load settlement curve (Nib pile.na..1)....... 81
Figure 4.12 The effect of angle ioternal friction on load settlement curve(Nib pile no. 82
Figure 4.13 Simulation for different values of lateral pressure cgaifi (K)..................... 33


file:///C:/Users/HP/Desktop/after%20defence1/final%20draft%20(now).docx%23_Toc55509323

n %_

List of abbreviations and symbols
" 6T AR AABET A

#1 EAOET 1

L A o m e man

91 O1-CIaK01 60

& E T EOAEA-ORO AIAA

&ET RIOR AAGET A

&ADACOAT CEAAED

3 E AIAICA O1 EOE |
AOT EAOI OO0

0EIl AT COE

30AT AADAOC@AR@
$EI AODAICA A
Angle ofinternalfriction

, ARGAT T OOAT O

- AGAT OEOU
AOOEEDECEOD

b1 E OQDIAIOE |

300A00

BEADARET AT OET 1T



Abstract
Pile loading tests arusually performed in varioysrojects to determine the ultimapsle
capacity However, the ast of running thestests and the time it takes is one of the difies
that engineers fade current geotechnical practicésnite difference methodnd finite element
methods have comparable accuracy. However, finiterdnce method based tool was used for
the analysis due to its simplicity, computational efficiency and simple structure ddues.
research presengsnumerical simulation of pile loading test using a finite difference program
A FAC 3 D d@he chosen softare is memory and simulation time efficieltitsolves almost all
kinds of geotechnical problems, but the only downside is that it initially takes some time to get
the feel of the software, but once understood, it can solve any problem and it also supports
wide range of material model§he objectie of this studys to simulatea pile loadtest with
vertical loading in a layered spih order to estimate the loagttlementharacteristicand to
determine the effecof y o u n g 6 s , angledbiuihteunsl friction lateral earth pressure
coefficient and the dation angle on the loasgettlementcurve. Input parameters ofthe
simulation werecollected fromNib, United and Zemen international baskew headquarter
projects.In the case of piles Wi incomplete data, the parameters were estimated from site
experience datandbr using different equations obtained fraanrliterature The proposed
numerical model rmbeen validated with field data and published results geaviby other
studies. Thevalidationproduced good results with a minor deviatextept for b bank piles
Thesignificantdeviationin nib bankpilesis due to the generalized soil parameters uséae
analysis The numerical malysis underestimated thdtimate pile capacityHowever, Lateral
pressure coefficient manipulatigmelds improved resultdJnderprediction ofoad-settlement
curvesof nib bank pleswadue t o | ower \loes esgniated from dandusi s v
equationsThe studyon one of the pileshowedthat thebase resistanczarries the upper hand
of the total cpacity. The importance of usifger mesh ear highstress gradient zonesaw
examined and ihas been found that finer megknerated based on the developed relation
produceda good performace. If the required constitutive model, initial and boundary
conditions and good quality input data are available, the proposed numerical model can be used

as an alternative medt for the design purpose projects involving pile foundations.

Keywords: Finite difference methad=LAC 3D, Simulation,Pile loading test

Xi



1. Introduction
1.1Background
When soil immediately beneath the ground surface is not capable of supporting a structure, deep
foundations are required to transfer the loads to deeper, straitaly via skinfriction andend
bearing Thethree basiéorms ofdeep foundations are piles, pieasd caissons. The mechanism
of transfer of the load to the soil is essentially the sanad types of deep foundatioridrora,
1997) Pile foundations are much more common than any other type of deep foundation, where

the soil conditions are unfavoral{denkatramaiah, 2006).

Piles are usually placed in service as a group rather than mividual basis to meet loading
demands and ensure stabili@unaratne, 2006)t is common practice to design and test single
piles, even when they are part of a pile group or cluBiiess are placed so that the capacity of
the pile group acting aa unit is equal to the sum of the capacities of the individual piles
(Venkatramaiah, 2006

The maximum settlement of the pile and its ultimate loedring capacitys the governing
criterion in the design of axially loaded pilékhe bearing capacityf asolated piles may be
determined fronpile loading tests, prevailing Building Codes, sounding tests, dynamic pile
driving formulas andanalytical methods. However, pile load testing can represent reasonable

results, but such testseaexpensive and timeonsuming Thounaojam & Sultana, 2016)

In recent years, along with the continuous development of computer technology, simulation is
also gradually developed and continuously extend to all areas. At present, the simulation method
has become a very important tomr geotechnical engineering piems. The numerical
simulation method cannot only study the bearing characteristics of piles but also can observe
the change of the displacement field of $lod (Xu & Guo, 2018) The advantage of numerical
analysis methods lies in their ability to addremsmplex soil formations and the interaction

between soil and structuréghan et al., 2012)

This studyfocuses orthe detailed evaluation of simulation of pile loading test by using the
threedimensional finite differencenethodbased software (FLAGD). First, the available
constitutive models representing the gmié interaction are discussed; then based on the

different constitutivemodels,the load-displacement awes simulated by*DM are compared

1



with actual load test results. Finallyparametric study on one of the models is carried out by
varyingy o u nngodutus, angle of internal frictiohateral pressure coefficierdnd angle of

dilatancy of the different soil layers.

1.2 Statement of the Poblem

Even though there are different netls of determinintheultimate pile capacity, most of them

have their drawbacks. For instance, empirical methods can only be used in restricted
applications because they are developed for specific pile types, driving equipment, spil types
and soil condions and are of limited usagkeawton et al., 1986)The £miempirical method
ignores the initial elastic behavior ebil, which may leadto underestimation of pile head
response at small deflectior®n the other hand, ultimate soil resistance iswest defined for
cohesionless soils in such methods and may lead to overestimation of pile head response, if
lower than actual at large deflectiof®&man Vazinkhoo, 199@pynamic formulas focus only

on the kinetic energy of driving, not dhe driving system. It also assumes constant soil
resistance rather than a veloeitgpendent resistance. Yet again, it ignores the length and axial
stiffness of thepile (Long et al.,2009) In general, Static and dynamic formulas have limited
usefulness because of tleck of loaddeflection information. Analytical methods are only
applicable to small soil strains and to soils that have a constant elastic modulaeptith
(Saman Vazinkhoo, 1996Additionally, it does notaccount for soibile slippage anadr
separabn. The major shocomings of most dynamic pile analyzers are the uncertainties of the
actual energy applied by the hammer to the pile and the distribution of soil resistance along the
pile. It is also expensive, difficult to maintain arefjuiresexperienced personn@lawton et

al., 1986)

The ple loading test is a direct method of determining the bearing capacity ofdesver

the cost of running #setests and the time it takes is one of the difficulties that engineers faced

in current geotechnical practiceSometimes, pile test results may contain inaccuracies due to
inappropriate ground stress changes induced in the setup, improper load application scheme
and other side effectdJnless all these aspects are considered and excluded tfre
measurement, a reasonable interpretation of the pile test would be difficukealily, it is

difficult to simultaneously meet all éserequirements of the designer. However, with the

improvement of computer performance and development of nusheniethods, the extent to
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which tests can satisfy the desigaeequirement can be extended by simulagipde load test
in a numerical model and analyzing the results in combination with the field tegY&a04)

Finite element and finite flerence methods are widely employad numerical methods in
geotechnical engineeringn contrast to finite difference method based tools, finite element
method based software took comparatively longer time for computation, has a diffitulty
modeling large dformationsand uses large quantities @aftd storage due to the usdstiffness
matrix after each steflin et al, 2016; Feizee & Fakarian, 2008)ence in this studythe finite
difference method based numerical moslasused to simulata pile loadtest to estimateohd

settlement characteristics

1.3 Objective of the study

1.31 General objective
The general olective of this study wa® simulatea pile loadng testwith vertical loading ira
layered soilby using finite difference methobdased software to estimate ledidplacement

characteristics of the pile

1.32 Specific objective
U To estimataeheload-settlement curve for pile loading test usFIgAC3P.

U To evaluate the performance of the simulated results by compghangwvith thefield
pile load test results.
U To Studythe effectof Youngds modul us, , lAtergllpressucef i n

coefficient and DOlation angle of thesoil parameteron loadsettlemenbehavior

1.4 Significance of the FResearch

Pile foundations are used often in soft soil strata to transfer superstructure loads to the
underlying firm ground. Pile loading test is the most commonly used type of technique to
determine pile capacity and load settlement curve. Numerical simulatitwe pfle load test

can also be carried out to study the bearing capacity of piles and to observe the change of the
displacement field of the soil. The importance of numerical analysis lies in their ability to

capture soil pile behavior with less cost, tjmed memory capacity if supplied with the relevant



data. This studysimulatesa pile load test to understand spile deformation characteristics

usingFLAC?P that can be used onwardsr designpurpossif good quality data is available.

1.5 Scope othe study

Vertically loaded bored piles in a layered soil are considered in this study for the simulation of
pile load test using finite difference methoaised software.

With the attempts to achieve, the previously mentioresgtarch bjectives, required data
gatheredrom different project sites havirgpile foundation.Three project sites were chosen
based on the availability of data. The chosen projects ixelxited and Zemen bank new
headquarter building projects. Soil intigation data and pile load settlement data were taken
from these projects. However, almost all soil investigation reports did not provide the required

sufficient information for the simulation. As a result, parameter values are estimated based on
variousworks of literature



2. Literature Reviews
2.1 Introduction
Pile testing is commonly carried out to assess the geotechnical capacity of piles within a
foundation system or to check on the integrity ofcasstructed pilesDespite the doubts
expressed by many engineers that the settlement of a single pile bears little ororshaato
that of a pile grouppile testinghas a useful role to play as a tool in the prediction of foundation
settlementgPoulos 2012) The bearing capacity oflp groups subjected to vertical and lateral

load depends on the behavior of a single pile (Svjetlana, 2014).

An accurate interpretation of the pile test would be difficult unless some aspects such as whether
the different types of load tessbr test seup may have any sideffects on the test resulhse

clearly understood. Therefore, it is important to simuthepile loading test in a numerical
model and analyze the results in combination with the fielditgat(Yi, 2004). In this chag,

a review is conducted regarditite pile loading testwith the emphasis othe static pile load
test.Numerical methodand some constitutive modeldl be reviewed. Finally, studies related

to pile loading test simulation will be reviewed. Since it is not possilidever every aspect of

pile loading test and numerical methpdsly some of the most important issues laniefly
discussedOn the otler handdue to the shortage oflatedstudies to the topic limited studies

are presented here.

2.2 Pile Loading Test

2.21 General

A pile load test is the most acceptable method to determine thedogdng capacity of a pile.

It may be conducted ondxiven pile or casin-situ pile, on a working pile or a test pile, anu

a single pile or a group of piles (Venkatramaiah, 2006). The purpose of pile load testing can be
either to prove the adequacy of the fst#l system for the proposed pile desigaddproof load

test) or to develop criteria to be used for the design and installation of the pile foundation (design
load test). Tests in the first category are generally routine, are carried to twice the proposed
working load, and are conducted at thartsbf the job. Design load tests involve elaborate

programs and the piles are usually tested to failure (Fuller & Hoy, 1970).



Severaforms of pile load testhave been used in practice. Some methods such as static loading
tessand dynamic testhave been routine in geotechnical engineering for many years,tivile
Osterberg cell test and statnamic test have been developed for tetsgahty yeargYi, 2004).

A static load test is the most basic test and involves the application of veridaditectly to

the pile head. Loading is generally either by discrete increastee tdad over a series of
intervals of time (Maintained Load test and Quick Load test) or, alternatively, in such a manner
that the pile head is pushed downward at a cohsté® (Constant Rate Penetration t€¥t)

2004)

In fact, of various types of pile testing, not all of them can be relied upon. Pile foundations,
particulaty bored piles, are influenced by the quality and workmanship in construction. Bored
piles constuction method will vary depending on the type of soil that will make a difference in

integrity and bearing capacity (Lima&015)

Full-static loading is a widely accepted test methodafoauthoritative assessment of deep
foundations. Testing is typicallperformed once and the result is considered the definitive
answer r egar d-bearing dapaety. plaweverttere bre tactinical and operational
reasons that may cause misleading regtitsssienet al, 2005) Consequently, it would be

important to use other cosffective and efficient methasd

Pile load tests are expensive and can be quitedonsuming. For small projects, the cost of
pile testing can represent a considerable portion of the o¥eualiation costin many cases,
prior expeience combined with adequate subsoil data and sound judgmemechrle the need

for pile testing, especially if theile design load is relatively lowFuller & Hoy, 1970)

2.2.2 Pile capacity determination

For pile foundation projects, it is usually necessary to confirm capacity and to verify that the
behavior of the piles agrees with the assumptionhefdesign. The most commaeiiort is
througha static loading test and, normally, determining the capéacthe primary purpose of

the test. The capacity is the total ultimate soil resistance of the pile determined from the load

movement behavior measured in a static-loigling test(Fellenius, 2006)

The capacity can, crudely, be defined as the loadwvfuch rapid movement occurs under
sustained or slight increase of the agplioad, the pile plunges (Curf). This definition is

6



inadequate, however, because large movements are required for a pile to reach plunging mode
and large movements are ofteovgrned less by the capacity of the el system and more

by the capacity of the designe©n most occasions, a distinct plunging ultimate |sadot

obtained in the test (CurvB) and, therefore, the pile capacity or ultimate load must be
determinedby some definition based on the leadvementdata recorded in the test
(Shariatmadari et al., 20Q7)

LOAD
ULTIHATE

LOAD CAPACITY,

ULTIMATE LOAD
CAPACIT Y NOT
YYELL DEFINED

SETTLEMENT

(B)

Figure2.1 (A) Ideal plunging, (B) graph with unclear failure po{Bhariatmadari et al., 2007)

An early definition of failure load is the load for which the pile head movement exceeds a certain
value, for example, 10% of the diametettut pile head. This definition does not consider the
elastic shortening of the pile, which can be substantiatlyofoy piles and negligible for short

piles. In reality, a movement limit relates ontythe permissible movement allowed by the
superstructure to be supported by the pile, and not to the capacity of piles. This definition leads

to an irrational aceptane of excessive settlemef@hariatmadari et al., 2007).

It is difficult to make a rational choice of the best criteria to use because the preferred criterion

depends heavily on oneds experience and con



of a pile. Like shallow foundatiorisa some circumstancgbe settlement dhepile head highly
affectsthe design.

To reachthe ultimate bearing capacity, large deformation is needed. Because of this reason
some criteriaarebased on a specified settleme@n the other hand, some desigaeferred

that to achievan allowable capacity of piles, use the ultimate bearing capacity and a safety
factor(Shariatmadari et al., 20Q7)

Some of the methods of determining the limiting pile load capacity fhanoadsettlement

curve suggested by various researchescodesre listedbelow:

i.  The load corresponding to the movement which exceeds the elastic compression of the
pile by a value of 4 mm plus a factor equal to the diameter of the pile divided by 120
(Davisson, 1972)

ii. The point at which the end tangents of the Ieatllement curve meet
(Mansur/Kaufmann1956)

iii.  Divide each load with its corresponding movement and plot the resulting value against
the applied load. The point at which the apparent iimiersects with the abscissa
(Decourt 1999)

iv.  The point at which the curve manifests the steepest slope i.e., ds/dQ ¥ea@x1(963)

v. For a total settlement of 10 percent of the pile diameter or O(Tdrgzaghi & Peck,

1961)

vi.  For piles in compressioit,is often difficult to define an ultimate limit state from a lead
settlement plot showing a continuous curvature. In these cases, settlement of the pile top
equal to 10% of the pile base diameter should be adopted as the "failure” criterion.
Europeantandard EBCS

vii.  Point of intersection of the loadovementlog-log plot De Beerand Walays, 199
1972)

2.3 Numerical Method (Discretized Continuum Approach)

Most of the engineering problems (or even real systems in general) involve complex physical
phenomena (Chaskalovic, 2008). To understand such phenomena, engineers need to make some
simplifying assumptions, which allow them to formulate a mathematical niDdele et al.,



2004; Wood, 2004). Quite frequently, the model consists of a set of Partial Differential
Equations (PDE) for which (in most casdspre is no analytical solutioir@o, 2004; Zhao et
al., 2009). In these cases, it is necessary either tpliginthe model further or to obtain an

approximate solution (Chaskalovic, 2008; Darve et al., 2004).

Unlike the beamon-foundation method, the discretized continuum approach treats the
surrounding soil in three dimensio(li et al., 2014) Three numeagal techniques are widely
used in the analysis of piles, namely fimte element metho@Brown et al, 1989; Trochais

et al, 1991; Wang & Sitar, 200Noh et al, 2008; Eshmi et al, 2012 and Elkady, 2013), the
boundaryelement metho@Banerjee & Daws, 1978; Poulos & Davis, 1980 and Basack &
Dey, 2012) and the finite difference method (Ng & Zhang, 2001; Klar & Frydman, 2002; Feizee
& Fakarian, 2008; Haldar & Babu, 2012; Ghee & Guo, 2014larh et al, 2015).

The finite difference method e oldest and simplest technique. It requires the knowledge of
initial and boundary values. The solution is done by tshepping using small intervaté time
and the grid values artgdated after each time step.

3-D FEM usually requires a large amountcoimputer storage and time buD3FDM on the

other hand is memory and simulation theféicient with practically acceptable accuracy. FDM

is capable of modeling large systems with limited memory, as no stiffness matrix is required (as
opposed to FEM, fon@mple). In addition, large deformations do not significantly increase the
runtime, as no stiffness matrix updates are required after each load or time increment. (Lin et
al., 2016; Feizee & Fakarian, 2008).

In the finite difference method, every derivatin the set of governing equations is replaced
directly by an algebraic expression written in terms of the field variables (e.g., stress or
displacement) at discrete points in space; these variables are undefined anywhere else. In
contrast, the finite lement method has a central requirement that the field quantities (stress,
displacement) vary throughout each element in a prescribed fashion using specific functions
(interpolation functionsontrolled by parameters. The formulation consists of adjuiege
parameters to minimize errtarms on local or global energiyascaconsulting group2015)



2.4 Previously UsedConstitutive M odels

Lately, more and moreomprehensive constitutive models are being developed to describe the
complex behavior ofjeomaterial under different loading cotmalis which in turn leads to
difficulties in numerical implementing and identifying model parameters anmef standard
material testgLin et al, 2016) In the pileloadingtest,simulationconductedby Zhan etal.,
(2012)the soil mass was modeled by soil block elemeaarsd the pile was modeled by pile
structure elements with interface elementse il was modeled usinghe Mohr-Coulomb

modeland the pile was sintated usingalinearelastic model

Elasteperfectly plastic model with Mok€oulomb failure criterion, usually named as Mohr
Coulomb model, is widely used in finite element analysis of geotechnical engineering, due to
its simplicity and sufficienaccuracylt is awell-known model, usuallyused as a firsbrder
approximation ofreal soil behavior. Due to its simplicity, it is highly popular and gives
reasonabl e results. The model i nvol ves fi v,
rati o, ngac,intecnal friieniamyle , and dilatancy anglg, (Chen & Saleeb, 1982; i,

2004)

For reinforced concrete pilthe behavior waassumed to be line@tastic.The inear elastic model
represents Hookeds | aw of isotropic |linear
parameters, i.e. Young6s amodTDhe sl i Esaddameal #0
used to simulate soil behavior. It is primarily used for stiff massive structural systems installed

in the soil, such as the test pi(¥i, 2004)

The Hardeningsoil model is an advanced model developed by Schanz and Vermeer (1998) for
simulating the behavior of different types of soil, both soft sait&l stiff soils. The model
requires more complicated parameters (i.e. cohesipinternal friction angles , dilatancy
angle,[ , power forthe stresslevel dependency of stiffness, m, secant stiffnessstandard

drained triaxial test,O , tangent stiffness for primary oedometer loadifQ, ,

unloading/reloading stiffnes§ , Pos s o mtid for unloadingreloading,” , coefficient of
lateral stress in normal consolidatid®, etc..). As stated byli & Hai (2011), The Hardening

soil model is an elasto plastic type of hyperbolic model, formulated in the framework of friction
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hardening plasticityThe basic feature ofhe hardening soil model is the stress dependerficy

soil stiffness.

Zeleke (2015)utilized plasticity models ofthe Mohr-Coulomb and Cap model to simuladbe

pile load test. The DruckelPrager/cap plasticity model is appropriate to soil behavior because

it is capable of considering the effect of stress history, stress path, dilatancy, and the effect of
the intermediate principal stress. It consists of three parts: a Drtckeer shear failure
surface, an ellipticatap which intersects the mean effective stress axiseaight angle, and

a smooth transition region between the shear failure sunfatctha cap.

According toJi et al (2008),a modified CamClay model(Roscoe & Schofield, 1963nd

Wood, 1990) was selected to represent the constitutive behavior of the clatys dfwhr-
Coulomb plasticity model was used to simulate the constitutive behavior of the sands at the site.
Based on the loading conditioimsthe FLAC® model simulationthe interaction between the

piles and soils including the slippag®ngwith the pilesal interface ina vertical direction is
considered critical ansimulated adequately.

2.5Related Sudies

The acceptance of numerical analysis in general and FEM@NY i particular,is growing
for the simulation and analysis of gailck-structureinteraction behavior. As a result, various
researchers are developing FEM and FDM models to emulate andeanhéy actual site

conditions. Some of the related studi@she topic in consideraticare discussed below:

Jietal., (2008), presented thedings of a 3dimensional, largstrain, soHstructure interaction
analysis for a piled raft foundation using the computer program FL.AMe analysis includes
studying the impact of sand fill and-@e&tering m ground settlements using a &&upled flow
mechanical, large strain FLAEmodel, simulating the site preparation process, comparing the
analytical predictions with the fieltheasvements.The 3D finite difference modebakes into
consideration the interactions amongst soils, raft, and gidssedon the comparison of these
values with those measured in the field, the predicted settlements are in good agreement with

those measured in the field.

FLAC®Pis used to simulate the pile loading and base grouting. The soil and bedrock are modeled
with Mohr-Coulomb. The parameters of the constitutive law are established from soil triaxial
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tests and rock borehole deformation tests. The pile is assumed adiarbeths The interface
element is usetb simulate the pile/soil interface and pile/rock interface. The numerical results
are compared with the pile load test in term¢het-z curve,g-z curve andp-scurve. Finally,

the pile base grouting is simuldtand the uplifts analyed. The result from the study was

promisihng and the numerical modeling was succeq§ibkeng et aJ.2006)

Zeleke (2015)attempted to simulateé pile-loading test by using FEM based software,
ABAQUS. The pile is assumduhear elastic and for the different soil layers two constitutive
models, namely, Moh€oulomb and Cap Plasticity Model warsed.The results of the FEM
analysis were compared witleresults of actual pile load tests. Furthermore, a parametric study
was also caied out based on soil paramefiadings thataffect the loaesettlement behavior of

the pile.In all the cases oht study, the cap model giviestter simulation result than the Mohr

Coulombfor the considered soil typghen compared with the actuahd test.

Lin et al., (2016) attempts to assess the piled raft foundation behavidrto broaden the
understanding of the complex interaction between the piles, aiaft soil via numerical
simulation using @ FDM (FLACSP) software. To achieve thesejettives they utilized pile

load test model to calibrate input parameters of piles and perfoanpmEdametric study to
examinethe effect of raft thickness, the number of piles and the loading level on the settlement,
the bending momepdnd the loagtarying ratioof the raft for a typical Taipei 101 construction
project soil profile. The soil layers were modeled using the Moliiombsoil model and the

pile was modeled usingpile structure element withninterface element. Simulation results

indicatie that FLACP can capture the deformation behavior of the pile fairly well.

Ghee & Guo (2014 )5tudied FLACP analysis regarding the model pile tests subjected to lateral
soil movement. The sand strata were modeled thigrelasteplastic MohrCoulomb model
havinganonassociated flow rule. The pile was modeled as an isotropic elastic hollow pile that
consisted of cylindrical elements and interface elembattsvere placed between the soil and

the pile. Each interface elemt was defined by Coul ombds f
parameters of friction angle, normal stiffness and shear stiffness, cqtesiodilation value

of zero and tensile strength of zero. In the event that the soil is moving away from theipile, as
observed in most analyses (at the surface of the soil), the interface elansattizched to t

outer perimeter of the pile,oh allowing separation between the soil and the pile, a limiting
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tensile force is imposed on the pilEhe predictions showame difficulty in modeling the
magnitude and the pfile of the measured pile sponse. However, ¢hratio of maximum

bending momenbver shar force induced in eaghile was well simulated.
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3. Material sand Methods
3.1 Description of the Study Area

3.1.1. Location

Addis Ababa is located in the central highlands of Ethiopia. The city government of Addis
Ababa is bounded by’90°N and 16 0N latitudes, 3730°E, and 39 00°E longitudes. The

study covers three projects that areatiéd at a prime location in Addis Ababa city, traditionally
known asthe Sengatera area, where mudtory buildings are currently under construction or
planned for construction over the next few years. These projects are Zemen Bank Head Quarter
Building project, which is located in front of Addis Ababa university school of commerce,
United Bank Head Quarter Building project near Biftu buildiagg Nib international Bank

Head Quarter Building project just behind the national theatre.

3.1.2. Climate

The Cimate of Addis Ababa is Woina Dega type (Daniel Gemechu, 19h)Rainfall hag
unimodal pattern, one distinct rainy and dry season. The dry season is October through May and
the wet one is from June to September being the highest rainfall peak in Atlgrisongterm

mean annual rainfall observed at Addis Ababa Observatory is 1254 mm (Berhanu, R082).
maximum temperature of Addis Ababa ranges betwe& Zb the wet season) to 2% (in

thedry season), wke the minimum falls between 7 até C in the yearElias Assefa, 2012).

3.1.3 Geology

From the aspect of general geology, Addis Ababa city is located within the western margin of
the Ethiopian rift and consists of different volcanic rocks, such as Rhyolite and Trachyte at the
northern part, Ahanitic basalt at the eastern part, mainly Trachytehesouthern and
southwestermart, Rhyolite in thesoutheastern

The geology of Addis Ababa area is represented by four volcanic units dominated in the lower
part by basaltic lava flows (Addis Ababasalt), followed by a pyroclastic sequence, mainly
formed by ignimbrites (Addis Ababa ignimbrite), followed by central composite volcanoes

(central volcanoes unit), and finally small spatter cdaes flows

14



Aphanitic Basalt, mostly overlain hgnimbrite layer, covers the north and northwest parts of
the city. Ignimbrite and welded tuff mainly cover the central part of the city, such as Haya Hulet,
Megenagna, Gurdshola, Kirkcend Kera areas. In Legahar, Mexiemd Lideta areas, which

are in ¢dose proximity to the study area, the ignimbrite and welded tuff layers are underlain by
weathered basalt. The ignimbrite layer is missinthaSengatera area where the project sites
are located.

Based on the geologic map of Addis Ababa city (MuludétdeMariam et al., 2007), the
following volcanic formations arpredomnantly found in the proje@ndthesurrounding area:

A Quaternary Basalt: It is the youngest area units in the aa@a extensively crops out
around the project sitét is predominanyy composed oblivine phyric vesicular basalt.

A Repi Basalt:extensively crops out east of the project area and predominantly constituted
by alkaline and olivine Basalt

Geologically, all projectsites are parts of the Addis Ababa basalt. As a result, geeisar
composed of basalts with a varying degvéw/eathering

3.1.4 Topography

Unitedbank project site formation isharacterized asraoderately sloping ground terrain from
southwest tonortheastvith anelevation difference of around 4 meters. It is partly \aigientle
slope to flat and occasionally undulating duethe accumulation of irregular demolished
garbage materials, particularly at theuthwesterside The sités natural ground level (NGL)
isgenerally located @tdepth variation of 1.20 to 3.20m below the existing surface. The elevated
surface above the NGL is composed of some construction debris lefthaftlemolition of
previous buildings and mainly of fill material used for previousstauctions. The average

thickness othe fill materialis about 2.25m

Zemen bank and iN bank project sites are characterized by flat topographythenaverage
elevation of Zemen bank pegjt site is 2362 m.a.s.|

3.2. Soil conditions, stratifications ad parameters

3.2.1. General
Input parameters for the numerical simulation of geotechnical problems are established from

the detailed soil investigation and material report d#&a. in-depth and gooduality
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geotechnical investigation report gévese toa successful numerical emulation of the actual
site conditions. However, most of the soil investigation reports are usually limited to the
determination of basic soil properties like shear strength parameters. As a result, additional
important parameteshould be determined to get sufficient input parameters for the numerical

model.

The main criteria for the selection of the study area were the availability of relatively sufficient
soil investigation and pile loading test data. Accordingly, three peojecated in Addis Ababa
are chosen for this study, which are:

A United Bank Head Quarter Building project
A Nib International Bank Head Quarter Building project and

A Zemen Bank Head QuartBuilding project

3.2.2 United Bank Head Quarter Building Project

The project site is located in Addis Ababa, Lideta-siifp, specifically at the area traditionally
known as Sengater8lain asphalt roads bound the siie its two sides, Ras Abebe Aregay
Street on thesoutheasaind Sengatera Road on the sewtst. The ecently constructed Biftu
Building is located some 10 meters belthe surface. The building comprises four basements

andthirty-threestoreyGs.

Soil investigation task to determine the stratification and the engineering properties of the soils

or rock urderlying the site is undertaken by Construction Design Share Company (CDSC).

The geotechigal investigation consists of eighbreholes drilled ta different depth Five
borehdes were drillecat the area of the higiise part of the mwposed building, duof which
two boreholes were drilled to 58 depth and threleoreholes were drilled to 45 depth from
the surface. The remaininigreeboreholes at theol rise area of the buildingeredrilled to a

depth of 30m from the surface.

The project site is dimely covered by highly to moderately weathered basalt, which is overlain
by some plastic clay, forming the superficial layer. The weathered basalt is intercalated with

overconsolidated clay (paleo soil) and sandy gravel mixed with some sand.
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Static gromd levels were measured in all the drilled boreholes as well as in the piezometer
installed in the selected boreholes for monitoring and observations of the average ground level
at the site over a long@eriod The static groundwater table is found toviéhin the range
between 6.6 to 7.8 from the surface. As a resuhesubmerged unit weight of the soil is used

in the analysis of layers located below the water table.

The site is gsbdivided into fivemajorgeotechnical layers and layer three is inéelded in layer
four and five As the building foundation is placed at a much deeper depth from the surface, due
to the presence of four basements, 16.3 meters of soil were excavated. Only layers below 16.3

m are considered for the analysis and the sumethsoil properties are shownTable3.1.

Two pile loading tests were conducted by ANCHOR Foundation Specialist Plc. on working
piles constructed as part of the foundation. Both piles are loaded up to 20théwofking
load.

Working Pile 1:

The tespile has been drilled and cast with concrete on 26.04.2016 with a diameterrafft600
to a depth of 2in fromtheworking platformlevel. The reinforcement of the pile consists of 14
numbers of vertical main bars diameter ofr@. The pile was covered telix diameter 10
mm with a spacing of 20&m over the length of the reinforcement and a0 concrete cover
was maintained by concrete spacers attachéukt helical stirrup.

Working Pile 2:

The test pile has been drilled and cast with concrete on.@0I% with a diameter of 800mm

to a depth of 2in fromtheworking platformlevel. The reinforcement of the pile consists of 12
numbers of vertical main bars diameter ofr@th. The pile was covered by helix diameter 8
mm with a spacing of 158m over theédngth of the reinforcement and a 50mm concrete cover

was maintained by concrete spacers attached to the helical stirrup. C30 grade of concrete is used.

The lbadsettlement cwre of the pileare shown in Figure 3.1 ald2

For further reference on loaditgst data and borehole log sheets, refe&ppendix A and B,
respectively.
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Table 3.1 Descrption of soil strata of United &kbuilding project, (obtained from the soil
investigation report by CDSC)

Layer Description S < £
no. = 5 =
8 | E T g |2
T Q — «©
= C | 5 ©
= +— s~ = o
E E - o Neo g g <§ -
= £l 20| 0 =~ | B 5®
o = > O = — R o
(<) > < c o @) o o S
(@] nS | <E | O ) o >
1 Dense to very dens¢ 16.319.5 | 19 34 - 48 103 |-

brownish to gray
sandy gravel with
somesand (paleo soil
2 Very stiff to hard| 19.528.5 | 17 24 35 |>50|0.3 |12
reddish brown Silty
clay with some san
(paleo soil)

3 Dense to very dens¢ 28.533 19 36 - 48 0.3 |40
brownish to gray
sandy gravel with
occasional rock cores
4 Very stiff to hard ,| 33-36 17 24 35 |>50|0.3 |12
reddish brown Silty
clay with some san
(paleo soil)

5 Dense to very dens( 36-41.8 19 36 - 48 0.3 |40
brownish to gray
sandy gravel with
occasional rock cores
6 Moderately 41.843 20 38 - >50 | 0.3 |45
weathered, mediun
strong fractured an
fragmented basaltic
rock

7 Very stiff to hard ,| 43-45 17 24 35 |>60(0.3 |12
reddish brown silty
clay with some san
(paleo soil)

8 Moderately 4550 20 38 - >50 | 0.3 |45
weathered, mediur
strong fractured an
fragmented basalti
rock

18



LOAD (KN)
0 1000 2000 3000 4000 5000 6000 7000

Ay

N

SETTLEMENTif)
ESN w

== 1st cycle of loading —=—2nd cycle of loading

Figure 3.1 Loadsettlement graph, nited bank test pile 1(from test reports by Anchor
Foundation)
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Figure 3.2 Loadsettlement graph, hited bank test pile&2(from test reports by Anchor
Foundation)
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3.2.3Nib Bank Head Quarter Building Project

Nib International Bank Head Quarter project is located in Addis Ababa just in front of Bedlu
Building. It is composed @ 4B+G+4 building at the periphery aadB+G+30 building at the
center. Transport construction design Share Com@@gpPSC) had carried out the soil
investigation task to determine the engineering properties of the soil and the subsurface

geological material.

Four vertical boreholes, designatsiBH1, BH-2, BH-3, and BH4were drilled. BH1 and BH

4 were drilled to a depth of 30 meterhile BH-2 and BH3 were drilled to a depth of 40 megter

The soil investigation report of the site stipulates that the geology of the area is composed of
basals with varying degresof weathering. Stratification of the geotechnilegler is tabulated

in Table 3.2

Groundwater level measurement was taken from1BBH-3, and BH4. It has been difficult
to takethe measurement in B2 because of collapsing. The gralwater level of the site lies
in the range between 1.0B.00m. Since the depth of excavation for the foundation and the

basement (16.8)) is below the groundwater level, bulk unit weight is used for the analysis.

Two pile-loadingtests were conttted by ANCHOR Foundation Specialist Plc. on working
piles constructed as part of the foundation. Both piles are loaded up to 180 % of the working

load.

Working Pile No. 1

The test pile has been drilled and cast with concrete on 09.07.2015 with a d@in8&@ mm

to a depth of 21.0én from the working platformlevel. The reinforcement of the pile consists

of 12 numbers of vertical main bars diameter of 20 mm. The pile was covered by helix diameter
8 mm with a spacing of 150 mm over the length of thefoecement and a 50 mm concrete
cover was maintained by concrete spacers attached to the helical stirrup. C30 grade of concrete

is used.

Working Pile No. 2

The test pile has been drilled and cast with concrete on 07.09.2015 with a diameter of 800 mm

to a depth of 21.295 m frothe working platformlevel. The reinforcement of the pile consists
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of 12 numbers of vertical main bars diameter ofrffl. The pile wasovered by helix diameter

8mm with a spacing of 156m over the length of the reinforcement and aréfi concrete
cover was maintained by concrete spacers attached to the helical stirrup. C30 grade of concrete

is used

The loadsettlement curve for the pilead test otheNib Bank project are shown in Figure 3.3

3.4. For further reference on loading test data and boreholsheets, refeAppendix A and

B, respectively.

Table 3.2 De<ription of soil strataof Nib Bankbuilding project (obtained from the soil
investigation report by CDSQ

Description = c_és -
g | g° 7 | S
2 E- |9 2
o E SE |%0|o |2z o
5 = "2 lo_ 3|2 S
Q o XX | D, | £ |k %)
© [} = c e} o (o]
— o m & < | O | O o
1 Grayish highly fractured 16.320.6 | 17 - - 40 0.3
rock (some changed t
gravel)
2 Slightly weathered stron{ 20.625.3 | 24 - - >50 | 0.3
basaliwith very weak rock
3 Greyish highly fracture¢ 25.330 | 18 - - >50 | 0.3
and decomposedweak
rock with cavities
4 Greyish black, slightly t¢ 30-36.55 | 22 - - 43 0.3
highly weathered basa
decomposed to gravel
5 Dark grey slightly| 36.55-40 | 24 - - >50 | 0.3
weathered  strong t
moderately strong basalt

The above table showesgeneral description of different soil layer formation and parametric

values, which are retrieved frothesoil investigatiorreport. Shear strength valus® not given

in the above tabl& o ung 6 s
to be used for the numerical simulation will be estimatéa estimation of these parameters
will be discussedh the next section.

mo d u |l
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Figure3.3 Load settlement graph, iN bank test pile 1(from test reports by Anchor Foundation)
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Figure3.4 Load-settlement graph, Nibdhk test pile 2(from test reports by Anchor Foundation)
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3.2.4Zemen Bank Head Quarter Building Project
The project site is located in central Addis Ababa around Addis Ababa commercial citlege.
building is composed of four basements and thirty seo(éB+G+30). The project site is

characterized by flat topography with an average elevation of 2362 m.a.s.l.

BEST Consulting Engineers Plc has carried out the geotechnical investigation tpstéahed

a subsurface investigation report for the site. The geotechnical investigation comprises core
drilling, In-situ, and laboratory tests on representative samples to determine the engineering
properties of the suburface materials.

Four boreholes are sunk to a maximum depth of 50.00 meters below the natural ground level.
The subsurface geology is subdivided into fifteen layers. However, the top 16.5 m is excavated
for the basement and foundation. The stratification of geotechnical layers ofettierghe

numerical analysis described in Tabl8.3.

The groundwater condition in the boreholessalosely observed and monitored. Following the
completion of drilling,a2 mm diameter piezometer was read several times after installation.

The observedroundwater level lies in the range betweeni 7966 m.

One pile loading tests were conducted by ANCHOR Foundation Specialist Plc. on working piles

constructed as part of the foundation.

Working Pile No. 1:

The test pile has been drilled and cast wibhcrete on 2015 with a diameter of 800 mm to a
depth of 21.00n fromtheworking platformlevel. The reinforcement of the pile consists of 12
numbers of vertical main bars diameter of 20 mm. The pile was covered by helix diameter 8
mm with a spacing of Ibmm over the length of the reinforcement and a 50 mm concrete cover

was maintained by concrete spacers attached to the helical stirrup.

The load vs settlement curve for the pile load test of ZemeR Bamect isshown in Figure
3.5

For further reference on loading test data and borehole log sheets$o refgrendix A and B
respectively
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Table 3.3 Desciption of soil strata of Zemendk-building project, (obtained from the soil
investgation report by BEST consulting plc.)

Layer | Description = c_és — | s
no. 2 o ~| 3 | o
Q = © | S £=

— =S~ |5 |2 |3 | ©

S EE |B82|98 |3 |e

< 2Z |25 |8 |= | o

Q. X ¥ o5 | © ~ 1)

() > c O @) o (o]

@) mn 6 <&E | O | W o

1 Stiff sardy clayey silt 16.524.65| 19.61 |19 25 |48 |0.3
2 Fine grained, grey to dar 24.6529.2| 18.2 - - >50 | 0.3

grey often yellowish grey
fresh to moderately
weathered highly fracture
to fragmented basalt

3 Stiff to very stiff, red tol 29.232.5 | 17 19 29 |32 |03
reddish  brown,  highly
plastic clayey silt

4 Very stiff to hard , reddisl 32.540 18 18 32 |50 |0.3
brown Silty clay with some
sand (paleo soil)
5 Stiff to very stiff, yellowish| 40-42 19 18 - >50 1 0.3
brown sandy clayey sil
(decomposed rock)
6 Stiff to very stiff, brownish, 42-44 17 - - 32 |03
reddish  brown,  highly
plastic clayey silt
7 Stiff to very stiff, pinkish| 44-50 16.6 - - 50 |03
brown to gray clayey Silty
sandcontainshighly plastic
clayey silt, basaltic grave
and cobble (decomposg
rock)
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Figure 3.5 Loadsettlement graph, Zemen bank test pile 1(from test reports by Anchor
Foundation)

Parameters that are necessary for numerical analysis can be determined directly from field and
laboratory tests or indirectly from empiaiccorrelations or generally used ranges based on the

recommendations of variousorks of literature
Y 0 u n gadslus,

Young6s modulus is commonly referred to as
and a measure of soil stiffnessidtdefined as the ratio of stress along an axis over the strain
along that axis in the range of elastic soi
modulus values representing thesitu soil condition has a great deal of importance for bett

finite difference analysis.

The determination of Youngés modulus for a
andinsi tu testing. Youngbés modul us can be det
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triaxial compression testand insitu tests. Triaxial tests tend to produce more usable values of
E thananunconfined compression test which gives conservative values. -Bita tests of SPT

and CPT tend to use empirical correlations to obtain E.

For the United Bank projectall values of Eexcept for the first layer are provided in the
geotechnical investigation report. However, for Nib and Zemen Bank projects E values are not
incorporated in the geotechnical investigation report. For this study, E igadb&ined from

experience data ofrailar site conditions and using the equations given below.
i.  Empirical equations to determine E values according to Bowles(1996)
1 For sand (Normally consolidated)
% vmm puv (3.1)
% X TUTLTT Y
% QmTmnI.

1 For gravelly sand
% @emnmn ¢ ForN<15 (3.2)

% omm ¢ ¢ 1 For N>15

1 For clays sand
% og¢m puL (3.3)

1 For silts, sandy silt, or clayey silt

% omm @ (3.4)
Where

X7

VUL

ii.  Determination of E values according to Mezenbach (1961)

~

% A Az,
Az,

Where
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Table3.4 Constants to be used for the computation of E using Mezenbach equation

Soil type x EC x EC
ATTRD [A R

Fine sand (abovewt) | 52 3.3

Fine sand (below Gwt)| 71 4.9

Sand (medium) 39 4.5

Coarse sand 38 10.5

Sand &gravel 43 11.8

Silty sand 24 53

Silt 12 5.8

Stiffness information thas retrievedfrom the respective geotechaignvestigation report gives
asingle valudor each layer. Similarly, the values computed from various equations are assigned

in the respective layer. However, in real soils, the stiffness values significantly depend on the

stress level and increase with depth. Hergmelinear variation of ¥ u n gnddulus in

combination with the Duran-Chang constitutive model wheithe soil tangent modulus

changes according to minor principal stress is employed in this gdmeexpression is given

by,

A
% +OA€A

Where,, - Minor principal stress

n - Stresgnfluence exponent(38

Pa- Atmospheric pressure (101325 PadK i Modulus numbe(704)
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Deformation within the elastic range is described by two elasticity constants: bulkusn i)
and shear modulus (G)ahdhei r r el ationship with yoyngos

can be described as,

(0]
op '’ o
0 ot
¢p

Tables 3.5, 3.6 and 3.7, shows stiffness modulus values that are taken directly from the
respective geotechnical investigation report data and computed using the previously mentioned

equations.
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Table3.5 Stiffness modulus values of the soil for United bank building project

Depth
(m)
mid-
layer

Description

N60
(SPTN
values)

N55

(SPTN
values)

Poisons
ratio Q)

Young
modulus,
E (MPa)

Bulk

modul
us, K
(MPa)

Shear
modul
us, G
(MPa)

17.9

Dense sand)
gravel

36

40

0.3

30()

14.28

11.54

24

Very stiff to
hard , Silty clay
with some san(

32

35

0.3

12

5.71

4.62

29.25

Dense sand)
gravel with
occasional rock
cores

36

40

0.3

35

16.67

13.46

34.5

Very stiff Silty
clay with some
sand

32

35

0.3

12

5.71

4.62

38.9

Dense  sand)
gravel with
occasional rock
cores

36

40

0.3

35

16.67

13.46

42.4

Moderately
weathered,
fractured ang
fragmented

basaltic rock

>50

>50

0.3

45

21.43

17.31

44

Very stiff Silty
clay with some
sand

>50

>50

0.3

12

5.71

4.62

48

Moderately
weathered,
fractured and
fragmented

basaltic rock

38

42

0.3

45

21.43

17.3

(ii) values are computed from the above equabtiased on the soil type
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Table3.6 Stiffness modulus values of the soil for Nib bank building project bank project

Depth (m)| Description N(SPT)| Poisoris Y o u n ¢ Bulk Shear
mid-layer modulus | modulus | modulus,
E (MPa) | K(MPa) | G (MPa)
18.45 Highly fractured| 40 0.3 30.6(ii) 14.57 11.77
rock some
changed tg
gravel
22.95 Slightly >50 0.3 47.62 38.46
weathered stron 100¢
basalt with very
weak rock
27.65 Highly fractured| >50 0.3 30 14.28 11.54

and decompose
weak rock with
cavities

33.3 Slightlyto highly | 43 0.3 50+ 23.81 19.23
weathered basal
with highly
fractured rock
38.3 Slightly >50 0.3 150* 71.43 57.69
weatheredstrong
to  moderately
basalt

Where, (*) values are estimated based on experience(idataference tahe united bank
projec) and (ii) computed based on the above equdtased on the soil type
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Table3.7 Stiffness modulus values of the soil for Zemen bank building project

Depth Description | N N70 N55 Y o u n g Bulks Shear
(m) mid- modulus, | modulus,| modulus,
layer E (MPa) | K (MPa) | G (MPa)

20.58 Stiff  sandy| 48 23 30 10.8(i) 5.14 4.15
clayey Silt

26.93 Fine grained 50 22 28 50* 23.81 19.23
to highly
fractured to
fragmented
basalt

30.85 Highly 32 14 18 7.2(i) 3.43 2.77
plastic
clayeysilt

36.25 Stiff  Silty | 48 18 23 8.7() 4.14 3.35
clay  with
some sand

41 Stiff  sandy| 50 19 25 9.3(i) 4.43 3.59
clayey silt

43 Highly 32 14 18 50* 23.81 19.23
plastic
clayey silt
47 Clayey sily | 50 18 23 8.7(i) 4.14 3.35
sand ang
basaltic
gravel

Where, (i) values are estimated from the above equbtiead on the soil typend (*) values
are estimated from experience d@ataereference to united bank projeof)the site.

Shear strength parameters

Soil strength is theesistance to mass deformation developed from a combination of particle
rolling, sliding, and crushing and is reduced by any pore pressure that exists or develops during
particle movement. This resistance to deformation is the shear strength of th@pposed to

the compressive or tensile strength of other engineering materials. The shear strength is
measured in terms of two soil parameters: tptaticle attraction or cohesion ¢, and resistance

to interparticle slip called the angle of internalfridn G ( Bowl es, 1996) .
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Shear strength parameters are determined directly from direct shear test results. However, in
conditions where it is difficult to take samples as in deeper soil layers, Bowles (1996) suggested
an empirical correlation for sandy andagular soil, which is developed by Shioi and Fukui

(1982) Japanese railway standard.
e T® ¢ ¢ x For Buildings (3.9

For this study, shear strength parameters are directly taken from the respective geotechnical
investigation report. However, for granular and sandy soils whei@ngle of internal friction

is not specified inhe geotechnical report, the compigatis made based on equation §3.9

Table3.8 Angle of inernal friction of the soil for dited bank building project

Depth
(m) Description N . C(kPa)
34 30
17.9| Dense sandy gravel 48
. . . 24 35
24 | Very stiff tohard, Silty clay with some sar| 50
Dense sandy gravel with occasional r¢ 36 30
29.25| cores 48
e . 24 35
34.5| Very stiff Silty clay with some sand 50
Dense sandy gravel with occasional r¢ 36 30
38.9| cores 48
Moderately weathered, fractured and 38 30
42.4| fragmented basaltic rock 50
. , 24 35
44 | Very stiff Silty clay with some sand 50
Moderately weathered, fractured and 38 30
48 | fragmented basaltic rock 50

Where all values in the above table are directly taken from the soil investigation data
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Table3.9 Angle of internal friction of the soil for Nib bank building project

Depth (m) | Description N70 . C (kPa)
Highly fractured rock som -
18.45]| converted to gravel 40 41.4Eq. 3.9
Slightly  weathered  stron
22.95| basaltwith very weak rock 50 43+ | 100*

Highly fractured ang -
decomposedweak rock with

27.65| cavities 50 42*
Slightly to Ighly weathered 50~

33.3| basaltdecomposed to gravel 43 42 5EQq.3.9)
slightly weathered Strong t

38.3| moderately strong basalt 50 45* | 100*

(*) values are assumed from experience data and for layer 1 and layer 3 cohesion values are
assumed to be zero due to the/soik type.

Table3.10 Angle of inernal friction of the soil for men bank building project

Depth C
(m) Description N7o . (KPa)
20.58| Stiff sandyclayey Silty 48 19 25
Finegrained to highly fracturedo -
26.93| basalt 50 41*
30.85/| Highly plastic clayey silt 32 19 29
36.25| Stiff Silty clay with some sand 48 18 32
41 | Stiff sandy clayey silt 50 18 26
43 | Highly plastic clayey silt 32 19 29
47 | Clayey silty sand and basaltic grave 50 22* 10

Poi ssonds rati o,

A

Poissonds ratio i s dgansioneodaxiah ®mprebsmn straans of the o f
body for a uniaxial stress stai@owles, 1996 Hudson & Harisson, 199) For an elastic
material the value varies from 0 to 0.5. Since soil is not purely elastic and a value outside the

elastic range of 0 to 0.5 is also occasionally encountgeata, 1997) For most rocks, the
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Poissors ratio is slightly less than 0.3 (Steve Hencher, 20i@)difficult to ascertain the exact
value ofPoissors ratio. Fortunately, the effect dPoissors ratio on the computed stresses is
not significant and an approximate value can be used without muclifnwoa, 1997) Forthis
study, a typical value of 0.and 0.15 hatbeen used for the sfiibck andthe pile, respectively.

Coefficient of lateral pressure atrest (E )
The ratio of horizontal stress to vertical stress is known as the coefficient of lateral stress. In
natural deposits, generallypere is no lateral strain and the lateral stress coefficient for this case
is termed as the coefficient of lateral pressure afffe§Arora, 1997) In a uniform layer of
soil/rock with a free surface, the vertical stresses are computed(Asarg, 1997, Hudson &
Harrison, 199Y.
K mz Cz U (3.10
Where,, vertical stress

C Gravitational acceleration,

m  Mass density of the material, and

U Depth below the surface.

Theinsi tu hori zontal stresses are moreilut fycu
erroneous bel i ef that there i s oszontmleandivertcadl stnessds o r

which is given by,

E Z'p 2 (3.1)
Where g is Poissonds ratio

Additiondly, Brooks and Irelad (1965) recommeradiJackpy s equati on for <co
and their own equation, given below for cohesive saglspectively

E p OBI (3.12
E mou OEsl (3.13

Where, Thevalues oftheatrest pressure coefficient are tabulated in Ta8dé,3.12, and3.13.
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Table3.11 Initial stress coefficient values of the soil fdnited bank building project

Depth (m) | Description Coefficient
earth pressure
at rest

17.9 Dense sandy gravel 0.44Eq. 3.12)

24 Stiff Silty clay with some sand 0.54Eq. 3.13)

29.25 Dense sandy gravel with occasional rock cores | 0.41Eqg. 3.12)

34.5 Stiff Silty clay with some sand 0.%4(Eq. 3.13)

38.9 Dense sandy gravel with occasional rock cores | 0.41(Eq. 3.11)

42.4 Moderately weathered, fracturedand fragmenteq 0.43Eq. 3.11)

basaltic rock

44 Stiff Silty clay with some sand 0.54Eq. 3.13)

48 Moderately wedtered, fracturedand fragmente

basaltic rock 0.43Eq.3.11)

Table3.12 Initial stress codicient values of the soil for id bank building project

Depth | Description Coefficientearth pressure ¢
(m) rest

18.45 | Highly fractured rock with som( 0.43
converted to ravel
22.95 | Slightly weathered strong basalt with vg 0.43
weak rock
27.65 | Highly fracturedand decomposeweak| 0.43
rock with cavities

33.3 Slightly to hghly weathered basa 0.43
decomposed to gravel

38.3 Slightly weathered teong to moderately 0.43
strong basalt

*All valuesin the above tablererecomputed fronEq. 3.13
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Table3.13 Initial stress codicient values of the soil for@men bank building project

Depth Coefficientearth pressure at res
(m) Description

. . 0.43
20.58| Stiff sang clayey Silt

Finegrained highly fracturedto | 0.43
26.93| fragmentedbasalt

0.43
30.85| Highly plastic clayey silt
0.43
36.25| Stiff Silty clay with some sand
0.43
41 | Stiff sandy clayey silt
0.43
43 | Highly plastic clayey silt
0.43

47 | dayey sily sand and basaltic grave

*Where, all values in the abowabte were computed from Eq. 3.13.

3.3Theory and Implementation of the Proposed Constitutive Model

3.3.1 The State of Stress at a Point within a Soil Bks

A major problem in geotechnical analysis is the estimaifdhe state of stress at a point at a
particular depth in a soil mass. A load acting on a soil mass, whether internal, due to its self
weight, or external, due to a load applied atttbendary, creates stresses withingba. If

we consider m elemental cube of soil at the point considered then a solution by elastic theory
i's possi bl e. Each plane of the cubegether s ubj

with shear stresacting parallel to the plane.

To describe the ssses acting on the six sides of a cubic element three syfbél$k are
necessary for normal stresses and six symbols{ M K M © for shearing stresses.
By a simple consideration of tmomentequilibrium of the element of the numbsrsymbols

for shearing stresses can be reduced to threg (i.e. £ £ B A ). There are
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therefore a total of six stress composesttingon thecube Figure 3.6). Once the values of
thesecomponents are determined then they can be compounded to give the magnitudes and
directions of the principal stresses acting at the point considered (Timoshenko and Goodier,

1951). The nine stress Components of styessan be organized into the stgematrix:

A A A
A KA (3.14)
A A A

This arrangement of stresses is also known as stress tensor. The two subscript letters indica
the direction of the normal to the plane under consideration and the direction of the component
of the stress, respectively.

- ,’* Oyz
a 4 Tz 4_-_1f
VA~ Ty | F—> g,
|
Tz v///"———; ————— FYE -7 ¥
s
Gx,’ - Ty
< [}
’
. ¥

Figure3.6 Stressin threedimensional spce

3.3.2 Constitutive Models

The two fundamental principles used to derive the governing differential equations of
geotechnical problems are equilibrium and compatibility equations. Equilibrium equations are
derived based on tleencept that in a deformable solid, the force at eartt pwst be balanced.

For a static case, the summation of forces in an infinitesimal element is required to be zero
(Sadd, 2009)While for a dynamigoroblem,the resultant force must equal the mass times the
elements acceleratio.o satisfythe compatibility equation deformed components must fit
together(Barber, 2002)The easiest way to satisfiye equation of compatibility is to express

all the strains in terms of displacement.
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Compatibility and equilibrium conditiaproduce nine equation@ twelve unknowngi.e.
indeterminate) In this case,the provision of constitutive relations turns the equation to
determinate Which is the description of material behavior and it usually takes a relationship
between stresses and strains. Therefopegitides a link between equilibrium and compatibility
(Sadd, 2009) Moreover, further simplification is necessary by considering the boundary
conditions of specific problems

The detailed aspect of the proposed constitutive masléiscussed in the next section based
ontheFLAC3Duser 6s gui de manual

3.3.3Incremental Formulation

All constitutive models in FLAGD share the same incremental numerical algorithm. Given the
stress state at time t, and the total stiacrementfoan t i me, the pugpgse is teedetermine

the corresponding stress increment andnithew st r ess st .aWhen peagtic t i me
deformations are involved, only the elastic part of the strain increment will contribute to the
stress increment. In thisase, a correction must be made to the elastic stress increment as

computed from the total strain increment to obtain the actusssstate for the new time step.

All models in FLACGP operate on effective stresses only; pore pressures are used ta conver
total stresses to effective stresses before the constitutive model is called. The reverse process
occurs after thenodel calculations are complete.

3.3.3.1 Incremental equation of the theory of plastic flow

The stresses at time t + @&t are compwtNed as
A is defined as a general stress vector of dimension n with compdniens pil AT #X

as a generalized strain increment vector with comporsenkE pH the components of the
generalized stress and strimerement vectors may consist of the six components of the stress
andstrain ncr ement tensors or other appropriatel

measure of stress and strain incrementsspne ci yc constitutive model

As a notation convention in this section, the subscript n refers to the range of generalized

components frorQ pOTQ ¢ (e.g.,’Q, is used torepresern®, h, h,
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The description of plastic floim FLAC?P rests on several relations:

A The failure criterion

Q, Tt (3.19

WhereQ the yieldfunctioni s a known function that speciy
for which plastic pow takes place. (This fu

stress space, and all stress points below the surface are characterized by elastic behavior)

A the decomposition of strain increments into the sum of elastic and plastic parts

o

i Y ¢ (3.16
A the elastic relationsdiween elastic strain increments and stress increments
Y, Y¥ h 'Q pk (3.17

Where'Yis a linear function of the elastic straircrements, ¥

A

A the pow rul e speci f vy istaigindrementvddtor as that niomnal o f
)

to the potential surfac@, AT 1T OOAT O
o= o Y
Where & is constant. (The pow r ul-assodated s ai
Otherwise.)

3.33.2 Implementation

In FLAC®P, an elastic guess hQ plef or t he stress state at ti
adding to tle stress componentsatime, t increments computed from the testitain increment

for the step, using an incremengéstic stresstrain law (Eq. (3.19. If the elastic guess
violates the yield function, Eq. @) is used to place the new stressctly on the yield curve.

Ot herwise, the elastic guess gives the new

If the stress point HQ pfE is located above the yield surface in the generalized stress spac
t he coef yci 20niggiven byEq. (320 provifledl the yield function is a linear
function of the generalized stress vectamponents. The equation Eq. (3)24 still valid, but

& I s set t 0HQzpker is lodated bel@wvstlee yield surface (elastic loading or

unloading).
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3.34 Elastic Model
The models in this group are characterized by reversible deformations upon unloading; the
stressstrain laws are linear and patidependent. The elastic models include both isotrapitc
anisotropic elastic model$he sotropic elastic model provides thinplest descriptionf the
mechanical behavior @material. It fits the homogeneous, isotro@ind continuous material

that only represesta linear stresstrain relationshipHence this paper employtheisotropic

elastic model fothe pile

3.34.1 Elastic, Isotropic Model

In this elastic, isotropic model, strain increments generate stress increments according to the
linear and reversible law of Hooke:

3, ¢ QY | 3] (3.22

Wheref is the Kronecker delta (symmetric) symbol, ands a material constant related to
the bulk modulus, K, and shear modul@s as

| v -0 (3.23
New stress values are then obtained from the relation

A (3.29
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The required parameters for this model are bulk modulus (K), shear modujn@&hass
density (}).

Table3.14 Parameters for pile constitutive model

Material Constitutive |Youn{(Poi s gBulk Shear " QT )
model modulus,| ratio, 3 modulus,| modulus,
E (GPa) K (GPa) | G (GPa)
concrete Linear elastic | 25 0.15 9.804 10.87 2500

3.3.5Plastic Model

The main difference between elastic response and plastic response is that plastic flow will be
irreversible. The plastic flow formulation in FLAC is based on the assumption that the total
strain increment is the sum of elastic and plastic strains. &biosdtrain increment is governed

by elastic relations and stress increment.

The characteristics of plastic groups are best described by their flow rule, hardening/softening
rule, and yield function. The flow rule defines the relationship between thedanvelope and

the directions of the plastic strain increment veclbis used to describe the deformation
behavior beyond the yield point. An associated flow rule occurs when the yield function and the
plastic potential function coincide, where tHagtic potential function is orthogonal to all of

the plastic strain increment vectors. For perfectly plastic material, the normality condition is
achieved when the plastic strain increment vector is normal to the yield surface. The yield
function determies the stress condition for which plastic flow takes place. An incremental
elastic or plastic behavior is determined by the stress condition below or on the yield surfaces
in a generalized stress space, respectivéig. hardeningoftening rule gives the@agnitude of

the plastic strain increments.

For this study, two elastplasticconstitutive models (i.e. MoHZoulomb and Drucker Prager)

had been chosen for the simulati®he data retrieved from various projeatsonly limited to
somecommon paramets, as a resujtthe first-order approximation of real soil behaviisr
adopted. Complex and advanced constitutive models are subjected to higher uncertainties due
to the difficulty of establishing the required complicated parameBexsides such modelsire

inefficient and require increased time and memory for computation.
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In general,hese models are widely used desfhtavailability of advanced models vowing to
simplicity and easily determinable model parametémsthe succeeding sectiorike sign
convention isbased on FLAGi.e. positivestresses and straiinglicate tension, and negative

stress and strains indicate compression

3.3.5.1 Drucker-Prager Model

It is the most efficient plastic model than the other plasticity models that reqareased
memory and additional time for computation. It uses a simple failure criterion in which the shear
yield stress is a function of isotropic stress. It is provided mainly to allow comparison ofFLAC

to other nmerical programs that have the Druckeager model but not the Moi@oulomb

model.However, it can bapplied to soft clay with low friction.

The failure envelope for this model involves a DrueReaiger criterion with tension cutoff. The
position of a stress point on this envelope is cdletidoyanoras soci at ed pow r u

failure and an associated rule for tension failure.

Generalized Stress and Strain Components

The generalized stress vectgr involved n the definition of the DruckePrager model has

two components (n=2):thathgent i al stress, U, and mean nc
t vy o8 v

C
. o] @

Where'Y is the deviatoric stress tensor gnd refers to the normadtress tensor.

The components of the associated genazdlstrain increment vectet]  are the shear strain

i ncrement , &2 and vy lnuwodeddas, ¢ strain increme
37 ¢3Q 3Q (3.2
I (3.29

Where 3 Q is the increnental deviatoric strain tensor
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Composite FailureCriterion and Flow Rule

The failure criterion used for this FLAEmodel is a composite Druck®rager criterion with
tension cutoff as s ket cohfglre 8. hThe failere envélppe 0 ) [
Qth, mis deyned, f rom guienbly theADruckePrager falmre t h e

criterion™Q 1, with
Q t R, 0 (3.29
And, from B to C, by the tension failure criterit®  tthwith

Qo ., (3.30

Wherery » AT A are positive raterial constants, and is the tensile strength for the
Drucker Prager model. Note that, for a material whose propertg not equal to zero, the

maximum value of the tensile strength is given by

J~| Cc-

Ko/ Qo

Figure3.7 FLAC®P DruckerPrager failure criteriofitasca Consulting Group, 2012)
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The potential functioiQth, AT T O Admfbsed of two functionsQ ¢ ¢ M@, used to
descri be shear and tensil e "Qdomesporidsinderemlto r es

a nonassociated law, and has the form

Q t i, (3.32

Wheren is a constant whichisequalfp i f t he pow rule isQasso
correspondstoanassad ed pow rul e, and is given by

Q o, (3.33

The pow rule is given a uni quagteclhgyenAfundgtiann by
h (U, &) = 0, which is represent@dndly@the di
min the (Biguedy , plianadegned. The function is

negati ve domai ns ,ureasdhasthdformat ed on the yg

Tt e, (3.39
Wheret AT Aare two constants, deyned as

Tt v n, (3.39
@ p A N (3.39
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domain 1

v

f'=0

Figure 3.8 Drucker Prager model domains used in the definition of the flow (itdsca
Consulting Group, 2012)

Co

An elastic guess violating the composite yield function is represented by a poift & -( U,
plane, located either in domain 1 or 2, corresponding to positive or negativendarhh = 0,
respectively [Figure 3.8. If the stress point falls within domain 1, shear failure is declared, and
the stress point is placed on the cuif2e mTmusi ng a pow rul e deri vect
function™Q. If the point falls within domain 2, tensile failure takes place and the new stress

point Qammuisiyrmg a pow rQle derived wusing

Model Parameters
The DruckerPrager model in FLA® is described by utilizing four parameters:
A M AT A. The particular casa) h"Q 1t gives the Von Mises criterion. By

appropriate adjustment of the parameters, t

geometry of the Moh€Coulonb or Tr esca clane.eri on i n the (|

The DrucketPrager shear criterioiQ 11 is represented in the principal stress space
., h h, Dby a cone withan axis along, , , and apex at, h h,
G ik E @E U jr  (Figure 3.9). The Mohr-Coulomb criterion, characterized by two
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parameters (cohesion and friction angle), is represented there by an irregular hexagonal pyramid
with the same rr&Xiandantdhnt dFigpeld.fMoeantre® edges (

The parameter§ and0 can be adjusted so that the DrueReager cone will pass through

either the outer or the inner edges of the MGbulomb pyramid.

For the outer adjustment, we have

¢

————O0OFI] o X
Moo ORI

Moo OBl
For the inner adjustment, we have

i ——OEI 0%

Moo OBl
. () o 2
0] — WA | <O o8 T

Moo OBl
In the special e m, the DruckerPrager criterion degenerates into the von Mises
criterion, which corresponds to a cylinder in the principal stress space. The Tresca criterion is a
special case of the Mol@oulomb criterion for whicl 1t It is represented in thaincipal

stress space by a regular hexagonal prism. The von Mises cylinder circumscribes the prism for

n m (3.41)
0 i_ ) 08 ¢
Vo
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Figure 3.9 DruckerPrager and von Mises yield surfaces in principal stress gSfitasea
Consulting Group, 2012)

-63
A
Mohr-Coulomb ¢ =0 Ga

|- — = -0o

-G1

Figure 3.10 Mohr-Coulomb and Tresca vyield surfaces in principal stress space (ltasca
Consulting Group, @12)
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Table3.15 Summary of DP soil parameters for United bank building project

Property o _ -
keyword = © = 2
£ |5 (% |z |3 |& |5
3 o | ¥ s & | B -
Symbol | o | ooy o o (@@ = O W
Ne) x i
O, | o g <= L= <2 | DT H <L f?;
!Q @) <€ — O < O < O < O < © i \w n
L | [ <O <O | <O | <L " e Eﬂ | —
—t— <L | — — <L | —C _ o< < ;<
L — @ @ @< |©
Unit
e g Re] e Neo Neo
= a s = s ik =
D I"G Z-G D zg IQ
Dense sandy 14.28 | 1900 | 35296.7 | 0.511 | 0.794 | 11.54 | 44474.25| 34 30
gravel 1
Stiff  Silty | 5.71 | 1700 | 42708.5 | 0.350 | 0.543 | 4.62 | 78614.46| 24 35
clay 1
Dense sandy 16.67 | 1900 | 34853.5 | 0.543 | 0.844 | 13.46 | 41289.55| 36 30
gravel with 6
rock cores
Stiff  Silty | 5.71 | 1700 | 42708.5 | 0.350 | 0.543 | 4.62 | 78614.46| 24 35
clay 1
Dense sandy 16.67 | 1900 | 34853.5 | 0.543 | 0.844 | 13.46 | 41289.55| 36 30
gravel 6
Fracture 21.43 | 2000 | 34346.0 | 0.576 | 0.894 | 17.31 | 38395.32| 38 30
rock 8
Stiff  Silty | 5.71 | 1700 | 42708.5 | 0.350 | 0.543 | 4.62 | 78614.46| 24 35
clay 1
Fractured |21.43|2000 | 34346.0|0.576|0.894 | 17.3L | 38395.32| 38 30
rock 8
WhereA nAINO ni OEA O& EB AN
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Table3.16 Summary of DP soil parameters for Nib bank building project

Property

keyword 2 |8 - 15
= [ e — Ie) (O] g
3 3 | < s | & o <

Symbol WO | Awl O ez Ow| O | W©C |5 Ow [ W
O & 8-% <= o<’§ = [T H <L 5
QO | | O« O« | O |0, < o ‘L ,
| g | <O O[O | LT [ ge]
—_ <L | — L | | =T <z
L — o) Rl o <7 |O

Unit
e N R O R R
= a =§* = ; i 5,
D I"G Z-G D zg IQ

Highly 14.57 | 1700 | - 0.63 | 0.98 |11.77 | - 41.4 | -

fractured

rock

Slightly 47.62 | 2400 | 109298.3| 0.66 | 1.02 | 38.46 | 107259 | 43 100

weathered A

weak rock

Highly 14.28 | 1800 - 0.64 | 0.99 |[11.54]- 42 -

facture rock

with cavities

Slightly to | 23.81|2200|54938.31| 0.65 | 1.01 | 19.23 | 54574. | 42.5 | 50

weathered 4

highly

fractured

rock

Slightly 71.43 | 2400 | 106828.3| 0.69 | 1.07 |57.69 | 100000 | 45 100

weathered

basalt
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Table3.17 Summary of DP soil parameters for Zemen bdmnklding project

Property

keyword 2 |3 . IS
= 5|8 |z |8 |& |¢E
2 S N o o @ g

Symbol WO | Awl O ez O | O | W©C |5 O W
O, 8-% L= L= <2 | DT H <L Z?;
Q0 <€ — O« O« | O« O < © ' ‘L w
<L — << <O <O <O ‘<. (— = 'Sﬂ (— _
—_ <L | — L [ | =T <2
<L — o) o) @ |7 |©O

Unit
O N O . R
= a =§* = ; ik ;
D I"G Z-G D zg IQ

Stiff sandy| 5.14 | 1961 | 30616.9 | 0.273 | 0.422 | 4.15 | 72603.88| 19 25

clayey silt

Fine grained 23.81 | 1820 | - 0.6250.970 | 19.23 | - 41 -

highly

fractured to

fragmented

basalt

Highly 3.43 |1700| 35515.6 | 0.273 | 0.422 | 2.77 | 84220.50| 19 29

plastic

clayey silt

Stiff  silty | 4.14 | 1800| 39175.1 | 0.258 | 0.398 | 3.35 | 98480.02| 18 32

clay  with

some sand

Stiff sandy| 4.43 | 2400| 31829.8 | 0.258 | 0.398 | 3.59 | 80015.02| 18 26

clay silt

Highly 23.81 | 2600 | 35515.6 | 0.273 | 0.422 | 19.23 | 84220.50| 19 29

plastic

clayeysilt

Clayey silyy | 4.14 | 1660 | 12233.8 | 0.319 | 0.494 | 3.35 | 24750.88]| 22 10

sand
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3.35.2 Mohr -Coulomb Model

For geomaterials like soils and rocks, in principal both the cohesion and the friction angle may
increase (hardening) or decrease (softening) with the progress of plastic defqraratitmat

the hardening/softening behaviors are related only to the increase/decrease of the cohesion while

the internal friction remains constant during the plastic deformation (Chen, 2012).

Mohr-Coulomb model is an elastperfectly plastic modethat is often used to model soil
behavior in general and servesasa-trstder model . Il n general str
strain behaves Ilinearly in the elastic ran
(bulk modulus, K and shear modulus, GJhe failure criteria is defined by two parameters,
namely cohesion, ¢ and friction angle, (G an
comes from the use of nassociated flow rule which is used to model a realistic irreversible

change in viume due to shearing.

The MohrCoulomb model is the conventional model used to represgmtar failure in soils

and rocks. The failure envelope for this model corresponds to a®milomb criterion (shear
yield function) with tension cutoff (tension Ydkefunction). The position of a stress point on this
envelopeis controlledbyanans soci ated pow r ul e iatedrruleddn e ar

tension failure.

Generalized Stress and Strain Components

The MohrCoulomb criterion in FLAG® is expresse in terms of the principal
stressed MK AT A, which are the three components of the generalized stress vector for this
model (n = 3). The components of the corresponding generalized strain vector are the principal
strainsx X AT ¥,

Composite Falure Criterion and Flow Rule

The failure criterion used in the FLAEmodel is a composite Mot€@oulomb criterion with

tension cutoff. In labeling the three principal stresses so that,

” ” , (343
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This criterion may be represented in the pland),  as illustrated in Figure 3.1The failure

envelope'Q, h, mis deyned fr om po iCodlomAfailtrecrit&ionby t
"Q  Trwith

-

“Q ” ” 0 cw Y (344)
and from B to C by a tension failuceterion of the formiQ  ttwith

o, (3.45

Where G4 is the frict, iischeteastegtdngth,and i s t he coh
p OBI

p OBl o8 ¢

Note that the tensile strength of the material cannot exceed the valueasfesponahg to the

intersection point of the straight lin€® 1tand, , inthe'Q, h, plane. This maximum
value is given by

@ 8
© BAl o8 X
L
& |
_.--f__.-"
.-'{..
St I N P
o -_-_n “ Jlr -~ )
1 P il
/ -"'J o .,..I'I!l'l'r ta]_]_qg
A R =
x =" a0,
.-".-'{"1 f“f
(_‘:.'\#.'JI.
{“'l-“l_-""
%

Figure3.11 FLAC®P Mohr-Coulomb failure criteriorfltasca Consulting Group, 2012)
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The potential function is described by means of two functiotnd 1 ®, used to dey.

plastic pow and

associated law and has the form

“Q ” ” l’j

Where is dilation angle and

p OEI

p OEI
The function'Q corresponds ta n
0 )
The pow rule 1is

tensil e pl d& torrespondtava nen e s p €
(348
o8 w

associated pow rule and is
(3.50)

gi ven u n i folloveng tkahiyique. Ai o n

function’QA MK 1, which is represented by the diagonal between the representation of
Q mAT® minthe A KX -plane Figure 3.12 ,

its positive and negative domains, as indicatetl é¢ne

,Q ” ” (I) ” ”

Wherew and, are constants
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is deyned. The func
ygure, and has the
(3.51)

deyned as

(3.52)
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Figure 3.12 Mohr-Coulomb modeif d omai ns used in the (th&kgnit.i

Consulting Group, 2012)

An elastic guess violating the composite yield function is represented by a pointAnfife -

plane locatedeither in domain 1 or 2, corresponding to negative or positiveagh@of h =0,
respectivelyigure 3.12. If the stress point falls within domain 1, shear failure is declared, and

the stress point is placed on the cuif2e TTusi ng a pow ingthé poterdiad r i v e
function™Q. If the point falls within domain 2, tensile failure takes place, and the new stress

point conformstoQ musi ng a pow rQl e derived using

Note that by ordering the stresse#dsg. (3.43, the case of a sheahear edge is automatically
handled by a variation on this technique. The technique, applicable forstraallincrements,

i's simple to i mplement: at each step, only
involvedinthec ase of plastic pow. I n particular, w
stress corrections alternating between two criteria. In this process, the two yield criteria are

f ul yl | aedirady,evhicdepends on the magnitude of the straineneznt.
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3.4 Finite difference method based Numerical model

3.4.1 General
The governing equations for the analysis of geotechnical problems are formulated based on the
fundamental requirements of equilibrium, compatibility, material beha@nd boundary

conditions. For an exact theoretical solutiali of the aforementioned conditions must be

satisfied.
FLAC®®i s an explicit ynite difference program
of a continuous thredimensional medium as it reachesieg! i bri um or st eady

response observed derives from a particul art

numerical implementation on the other. These two topics are addressed below

3.4.1.1Mathematical Model Description

The mechanice f t he medi um are derived from gener e
motion), and the wuse of constitutive equat
mathematical expression is a set of partial differential equations, relating noattiatress)

and kinematic (strain rate, velocity) variables, which are to be solved for particular geometries

and properties, given s p e(ttasca@onsoltomgGraup2dl?) an d

The state of stress at a given point of the mmedis characterized by the symmetric stress
tensor, . The traction vectord on a face withunitnormat i s gi ven by Cauch
(tension positive):

o , & (3.59

Equations of Motion is derived by applying the continuum form of the momentum principle
which yields Cauchyds equations of motion:

PR o

Wher e |} iperunit lolumenoéteesmedium, [b] is the body force per unit mass, and
QU j Qds the material derivative of the velocity. These laws goverrtheé mathematical

model, the motion of an elementary volume of the medium from the forces applied to it. Note
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that, in the case of static equilibrium of the medium, the accelef@tion’Q ois zero, and Eq.

(3.59 reduces to the partial differential equons of equilibrium:

s R QT (3.56)

The above equatiorepresent three scalar relations called the equilibrium equation

r., T+t 1+t

ToTo To °
I S
T ToTe 20 o® X
Lot L

Tow To !l o
Where'OE 1 A%l OA A
The boundary conditions consist of impddsoundary tractionsgeg. (3.54) and/or velocities

(to induce given displacements). In additibogy forces may be present. Moreqgwée initial
stress state of the body needs to be speciy

Let the particles of the medium move with velocity. | n  an i n yQrthetmediumma | |
experiences an inynitesi mald Gbandthé correspendiegr mi n

components of the stranate tensor may be written as

\

Or Up od Y

alhe

Where, the strain rate tensor and partial derivatives are taken with respect to components of

the currenposition vectorw.

The developed theoretical solution obtainemhfrthe equation of motion Eq. (3)5together

with the definiton of the rate of strain Eq. .&B) forms only nine equations and constitutes
fifteen unknowns (i.e. six components of streescemponents of straimate tensqgrand three
components of velocity vector). Therefore, to make the solution determinate six additional
relations are provided by the constitutive equations which define the nature of the particular

material.
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3.4.1.2 Numerical model description
In a finite difference approach (Firstrder space and time derivatives of a variable are
approxi mated by ynite differences, assuming

and time intervals, respectively.)

The governingequations are written in finite difference equations and the solutions are
computed at specific discrete points called nodes. The process of subdividing the domain into
discrete points is called discretization. Starting fom 1tthe domain is subdivideidto steps

until @ p the chosen step is equal to step size and is denotea by

K |

u. —u

2Ax

Ax

i
i
|
|
|
i
* -
-i+'

. R et

|
|
|
i
i:-.x

Figure3.13 Finite difference equation derivation

The derivation ofhefinite difference equation based on the above figure yields,

Forward difference,
Q6 o o .
— . —h o w
Qw 3w

Backward differene,
Q6 6 6 ﬁ
—~ -~ O n
Qw 3w @

Central difference
Q6 o o .
Qw C ™

o p

The seconarder derivative in finite difference equations is given by,
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o oo €T o ~y
Qw QwQw ~ Yo Qw Qw
p o 6 06 o o) coO O
T : : VR oD q
Yw 30 3w Yw

The laws of motion for the continuum are, by means of these approaches, transformed into
di screte forms of N &he tresultidgssystena of ordinary difterentiah o d e
equations is then solved numerically wusing
spatial derivatives involved in the derivation of the equivalent medium are those appearing in

t he dey mdintrates in termdf veldities.

3.4.1.3Main calculation step
FLACPuses an ematcbihgdtymete difference sol

the calculation sequence can be summarized:

1. New strain rates are derived from nodabcities.

2. Constitutive equations are used to calculate new stresses from the strain rates and stresses a
the previous time.

3. The equations of motion are invoked to derive new nodal velocities and displacements from
stresses and forces.

The sequenacs repeated at every time step, and the maximuroeBbéalance force in the model

is monitored. This force will either approach zero, indicating that the system is reaching an
equilibrium state, or it will approach a constant, nonzero value, indicatihg ortion (or all)

of the systemis atsteadyt at e ( pl astic) pow of materi al
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Equilibrium Equation Forces are fixed
(Equation of Motion) during this calculation

new stresses or
forces

new velocities and
displacements

Stress / Strain Relation Strain rates are fixed

(Constitutive Equation) during this calculation

Figure3.14 Calculation cycle (Roger Hart and Varun, 2012)

3.4.2 Pile-Soil/Rock Interaction Modeling

Problems in foundatiomngineering involve direct contact between /soik and structure.

When external forces act on these systems both the structural displacement and the soll
displacement show dependence on each other. Thalé&dadnation of soiktructure systems

is significantly influenced by the behavior of the ssitucture interface and its stress
displacement relationship. This is particularly important for-pdé systems axially loaded,
where one part of the pile total resistance (shaft resistance) is giverctignéi resistance

bet ween the pile and the soil (S. D6AgQui ar

Interfaces are used when modeling soil/retkucture interaction. Interfaces will be required to
simulate the finite frictional resistance between the pile and adjacent salbws relative

displacement and separation betwehe structure and soiasy(Yi, 2004).

Interface elements simulate the normal and shear direction interactions of pile shaft with
surrounding soil mass via shear coupling spring and normal couplingspianameters of
coupling spring are cohesioA (QA), friction (+ Qe+ ) and spring stiffnesss QE ) (Lin,

Liu, & Chou, 2016) In this studyinterfaces are introduced along the pile shaft and under the
pile tip. Furthermore, interfaces along thike shaft are also subdivided based on the adjacent

soil layer so interface parameters are derived from properties of tleoskiin contact.
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(FLA®P manua) 2012) recommends a maximum value of shear and stiffness parameters to be
set to ten timethe equivalent stiffness of the stiffest neighboring zone.

- E =7
EFE prmi A-g"— o o
Wheréa- OEQN Al x RAGQETAAET ©I EEAEA OIAEIOAAQET 1

Interface cohesion and friction valuesrbd®een set to 2/8 0.9 times the adjacent soilhd
computednterface parameters are listed in thble below

Table3.18 Interface parameters famited bank

Layer | aU +-0A ‘- 0A E R
1 0.069 14.28 1154 | 429951691
2 0.069 5.71 4.62| 172028986
3 0.069 16.67 1346 | 501690821
4 0.069 5.71 4.62| 172028986
5 0.069 16.67 13.46 5.02E-68
File 0.1333| 1.39E64 10400 2.083E+11
Above 0.525| 1.39E64 10400 5.20E+10
Below 1.125 19.05 15.38
Along pileflMax*10]
5.02E-09
Pile tip [Max*10]
5. 20E+11

Table3.19 Interface parameters for Nib bank project

z

Layer | 3U +-0A ' - 0A E hE
1 0.069 14.57 11.8| 4.39E+08
2 0.069 47.62 38.5 | 1.43E+09
3 0.069 14.28 11.5| 4.3E+08
4 0.069 23.81 19.2| 7.17E+08
5 0.069 71.43 57.7| 2.15E+09
Pile 0.1333| 1.39E+04 1.04E+04 2.08E+11
Above 0.512| 1.39E+04 1.04E+04 5.42E+10
Below 1 71.43 57.7
Alongpile [Max*10] | 2.15E+10
Pile tip [Max*10] 5.42E+11]
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Table3.20 Interface parameters for Zemen bank project

The contribution of theile tip and sk friction resistance wemxaminedAs shown in Figure

3.15, the resistance offered liie pile tip is 87.%% of the total restance, while the rest

Layer | 3U +-0A '~ 0A E hE
1] 0.03931 5.14 4.15| 2.72E+08
2| 0.03931 23.8 19.2| 1.26E+09
3| 0.03931 3.43 2.77| 1.81E+08
41 0.03931 4.14 3.35| 2.19E+08
Pile 0.1333| 1.39E+04 1.04E+04 2.08E+11
Above 0.525| 1.39E+04 1.04E+04 5.29E+10
Below 0.8333 4.14 3.35
Along pilefMax*10] | 1.26E+1Q
Pile tip [Max*10] 5.29E+11

percentage of capacity owed tatheskin friction.

Settlement {(mm)

Figure3.15 Comparison between pile tip anddbtesistance (Nib bargroject pileno. 1)
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3.4.3 Finite Difference Model Construction

3.4.3.1Model Geometry and Discretization

This study is composed of circular concrete piledifierent diameter embedded in a layered

soil subjected to vertical loading under undrained condition. A vertical plane through the pile
axis is a plane of symmetry for this analysis. As a result, only half of thegilsystem is
modeled to reduce comafational time. According to Randolph and Wroi978),a minimum
distance at which the deflections in the soil are assumed to become vanishingly small were
found to be greater than the length of the pile L, therefore the distance from the axisymmetric
axis to the horizontal boundary of 1.5L was adopted. The vertical boundary depth equal to 2L
was chosen, which is reported as proper by numerous agiigiguiar, 2008;Mascarucci et

al, 2013 and otherp for this type of problem. The sides’ boundaries wesstrained
horizontally, whilethebottom was prevented from moving either vertically and horizontally.

The soil strata were modeled with eight notheidk shape elements and the pile usingsxded
cylindrical shape elements.

The soitpile interfaceis modeéd by the standard FLAE interface consisting of triangular
elements. Byefault,two triangula interface elements are definft eachquadrilaterakzone
face.Interface nodes are created automatically at every interface element Wintaxanther

grid surface meets an interface element, the contact is detected at the interface node and is
characterized by normal and shear stiffnesses, and sliding propEearsinterface element
distributes its area to its nodes in a weighted fashion. Eaetface node has an associated
representative area. The entire interface is thus divided into active interface nodes representing
the total area of the interfacEhe interfaces are orsded and attached to the sdils sensitive

to interpenetration ith the other surface, denoted as the target face (pig)re5.5illustrates

the relatioship between interface elements and interface nodes, and the representative area

associated with an individual no@éasca Consulting Group, 2012)
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Symmetry axis .
y Ve Shaft zone

Pile

-
"

1.5L

h

Figure3.16 Typical discretization of computational model (Zeleke, 2015)

interface node — — interface element

, . \
node’s representative area ———

Figure3.17 Interface consisting of eight triangular interface elements (Itasca Congaitng,

2012)

3.4.4 Effect of Mesh Quality

Mesh quality is crucial for the stability, accuracy, and fast convergence of numerical

simulations. Aspect ratio, orthogonality (interior angle), face planarity, skedvtaper are the

most common measures oéthuality of structured elements. Over the past decade, aspect ratio
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and orthogonally have become more important and are widely used quality measures for 2
dimensional and-8imensional elements (B. Abbasi et al., 2008). The integrity measurement of

gridded models according {ttasca Consulting Group, 201&)e described below.

Aspect ratio measures the height to width ratio of zones (i.e. edges of each internal tetrahedron
for a given zone the smallest aspect ratio between the edges of each inteinaditetr for a

given zone, considering FLAE subzone discretization). For all zones types, it is assumed that

the ideal shape is the one for which all edges are equal in length, and angles between the edges
are 90 degreefor a brick, 60 degreeand 90 degrexefor a wedge or a degenerate brick, 60
degres for a pyramid or a tetrahedron. For an ideal tetrahedron, the aspect ratio is 1. However,
for the internal tetrahedrons composing zones with the ideal shapes, the smallest aspect ratio is
1/ % ft hose internal tetrahedrons in an i de:
Thus the result is required to be normalized to the range between 0 and 1 by multiplying a factor

of 43 for bricks, and a2 for pyramids and w

Orthogonality measr e ment shows how fAwell 0 sides of t
relative to each other. If the test returns a value close to zero, it meattsethane is most

likely very elongated or badly deformed. For ideal brick, this minimum value ig fgrother

zone types with ideal shageh e mi ni mum value is &2. Thus t
by 182 f or forbrickses except

Face Planaritfjorhexahedr ons having 6 quadrilateral
However, it is possik that the four vertices of a quadrilateral polygon will not be coplanar in
3D. FLAC®P allows faces to be neplanar, but the greater the deviation, the less accurate the
solution process will be. There is no clear singular method of measuring plaAamithod
that compares the volume of a tetrahedron y
face, computing the area by adding a central point, m = (A + B + C + D)/4, and computing the
4 triangle areas, ABC, ABD, ACD, BCD, is chosen. Theatigum is therefore, given by,

z2 W,

—h T
o o

Where A is the area and V is the volume
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This value is zero iplanar, and positiveifnep| anar . Thi s test can be
because there is no fundamental limit on how-plamar a face can be. (Values should be <<

1.0 for a face to be good.) Each zone has its six faces tested, and the worstrepled.

Third term

First term

7—%ourth term

%
ffffffffffffffffffffffffffffffffff // Second term

Figure3.18 The order of numbers that grid lines are represented to i.e. &ZA{1B¢, 4"

In this study, the meshwésor med wusing O6sizeb6 and Oratiob
number of zones for each shape, whil e th
increasing/decreasing geometric ratio. Thar feerms in the size keyword wechosen based

on the relatiorin order of size (3 z-dimension ¥4y -dimension, 2*xdimensio.

The study had compared two meshing types only by vartfeglast term of the ratidable
3.21 and 3.22 shows the mesh condition for the two types of meshing techniques
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Table3.21 Measured mesh condition foatio (1, 1, 1, 115)

Number of zone
Aspect Face
Range | Orthogonality| ratio planarity

0-0.1 0 7458 31218
0.1-0.2 1386 4984 0
0.20.3 0 5154 0
0.30.4 0 3604 0
0.4-0.5 0 2694 0
0.50.6 0 2544 0
0.60.7 0 2264 0
0.7-0.8 6068 1770 0
0.80.9 7216 746 0
0.91.0 16548 0 0
Worst

values 0.142315| 0.0190238| 9.106 706

Table3.22 Measured mesh conditions for ratio (1, 1, 1, 1)

number of zone
Aspect Face
Range | Orthogonality| ratio planarity

0-0.1 0 4994 31218
0.1-0.2 1368 3512 0
0.20.3 0 8972 0
0.30.4 0 4762 0
0.4-0.5 0 2968 0
0.50.6 0 2250 0
0.60.7 0 1980 0
0.7-0.8 9266 1244 0
0.80.9 7462 536 0
0.91.0 13104 0 0
worst

values 0.142315| 0.0190238| 9.8531F-06

Figure 3.19 and 3.20 shows the two types of meshing techniques
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Figure3.19Finer mesh near the pile (high stress gradient zone)

Figure3.20Coarser mesh near the pile

In this section of the stugyan attempt has been made to compare two types of meshing
techniques. The numerical model of Nib International Bank project is chosen to study the effect
of applying dfferent types of mdsng. The meshing provided foidtre 3.19 is afiner mesh

near the pile(i.e. highstress gradient zoneggnd becomes coarser towards the boundary.

However, the meshing provided for dige 3.20 is uniform coarse mesh throughout the whole
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geometry of the model. Compson between table 3.19 and 3dpicts that as the number of
zones closer to the ideal zone sheqoeeass the quality of he simulation will also improve

LOAD (KN)
0 500 1000 1500 2000 2500 3000 3500 4000

%3]

SETTLEMENT (mm)
=
(=]

=
%3]

20

Pile M-C mesh 1

= = = Pile 1 M-C mesh 2

Figure3.21Effect of mesh type in load settlement curve

Figure 3.21 shows thathe provisionof coarser mesh leads namericalinstability andunclear
distinct plunging loa@dapacity However, the finer mesh application n#a pile yields a better
result in terms of showing the plunging curve clearly, so as the ultimate capacity of the pile is
easily determinedMost importantly finer meshlead toresults that are more accuratethat

they provide a better representatidrhigh-stress gradient.

3.4.5 Modeling Procedure

To set up a model wimulatewith FLAC 3D, three fundamental components of a problem must
be speci yBbpmanuall 2012A C

(1) A ynite difference grid;
(2) Constitutive behavior and materabperties; and
(3) Boundary and initial conditions.

The grid deynes the geometry of the problem
properties dictate the type of response the model will display upon disturbance (e.g.,
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deformational respoes due to excavation) . Boundaituy anc
state (i.e., the condition before a change or disturbance in the problem state is introduced).

After these condi t3D,dhe imitiabegudibridresfate i dalculatéat thd. A C
model. An alteration is then made (e.g., excavate material or change boundary conditions), and
the resulting response of the model is calculated. FBRBGQises an explicit timenarching
method to solve the algebraic equations. The solution isedadter a series of computational
steps. The number of steps required to reach a solution can be controlled automatically by the
code or manually by the user.

The procedures followed for this particular study are discussed below:

1. Grid generation
Basic grd generatia i S performed6 vic ammared O6a8Ged e B ¢
keywords that both deyne the number of
speciyed p r o b lire pmimitivee ghapesnare uBed itol dpeed up mesh
generation. Accordingly, raglinder and cylinder primitive shape are used to construct
soil and pile, respectively. At this stage, interfaces between the two materials are also
introduced.

2. Constitutive model and material behavior assignment

3. Initial stress
In geological materials,here is an irsitu state of stress in the ground before any
excavation or construction is started. By setting the initial conditions in a ¥ g,
an attempt is made to reproduce thisin t u st ate because it wil
behavior of tle model. At this stage, the model mhstbrought to equilibrium before
installing the pile. For this thesis, O0i
stress. Since grad has been used, a value according to the following relation,

3 3 Cgd CcU Ca (3.65)
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Where,”Y the value immediately following Szz in the commagdgy and g specify
the variations of the value in x, §nd z directions and are the numbers following the

gradient keyword.

. Pile installation

In this stage of analysis, the model is brought into equilibrium after the installation of
the pile. The installation is modeled by changing the properties of thequits from

the properties representing the soil material to those representing the concrete pile
material.

. Loading

To simulate the actual pile load test procedure the load is appliadintremental
manner using a Orampo6 ( Hysi$tHelohdiisappliedann ) .
various ways (by applying new stress or displacement, by applying velocity) If,
however, a velocity loading condition i
someti mes beneyci al t o i nidodydd nmirameze theh e v
shock to the system.

In this study, the FISH function 6rampé
points. The FtloSpitulates the axialstreas the tep of the pile and
stores the value as history. The velocity is applied as a rampdfror® t o 10T 8
30,000 steps.

70



MODEL SETUP
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Figure3.22 General solution procedure

71



4. Results and Discussion
4.1 Validation and Verification of FDM Simulated Results
The potential use of the results frahe numerical simulation is related to the confidence that
one might have in the simulation. An approach to estabfighe credibility of the numerical
simulation is through theerification andvalidation processVerification is the process of
determiningthat a model implementation meets an accurate representation of the proposed
conceptual model and the solution t@ tmodel. While validation is the assessment of the

accuracy of numerical simulation in comparison with experimental data.

For this studythe verification is performed by assessingithplementation oftheinitial stress
condition of the model and tiséress increment after thealbapplication The initial stresstate

which is given as an input for the numerical model is cheitke accurately implementeid

the FDM simulation. Then, the stress increment at the bottotheomodel isassessed by
comparing it with the theoretical IHengerhexi ma
theoretical approximation is not considered as an accurate benchmark, rather it is just used as a
reference to demonstrate that the model is performing str@esrient properly when subjected

to a certain load.

Most importantly, the numerical model of the study was validated by comparing it with the
actual pile load test result8esides a calibration was also performed by comparing the
propo®d numerical modeh reference to a published stydind a factowas déermined for

the proposed modéFigure 4.1).

Ac \ 1
A — Z — T$)
A QPay Y
x p Cd
Where, A C Ccu

1 isappliedioad in KN
U is the depth to which the stress is computed
O is thehorizontal distance betweg@oint of load application

and point otherequired stress and i s t he Poi ssonds rat:i
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Table4.1 Comparison of total vertical stress for Nib bank building project

Model type Vertical stresga) Difference (%)
Theoretical FDM
Analysis steps
Mohr coulomb | Initial stress 936600 93667 0.007
Final loading | 936631.6 936740 0.01
Drucker Prager| Initial stress 936600 93660 0.004
Final loading | 93663..6 9367M 0.007

Table4.2 Comparison of total vertical stress for Zemen bank project

Model type Vertical stresgpa) Difference (%)
Theoretical FDM
Analysis steps
Mohr coulomb | Initial stress 741231.5 7412® 0.0038
Final loading | 741266.32 752000 1.448
Drucker Prager| Initial stress 741231.5 7412® 0.0038
Final loading | 741266.32 741840 0.077

Table4.3 Comparisa of total vertical stress fornited bank project

Model type Vertical stresgpa) Difference (%)
Theoretical FDM
Analysis steps
Mohr coulomb | Initial stress 784500 78453 0.0038
Final loading | 784531.6 797350 1.63
Drucker Prager| Initial stress 784500 78453 0.0038
Final loading | 784531.6 786040 0.192
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To check the validity of the proposed Riddel, the reported actual test results calculated during
the pile test (AbdelMohsen et ,@2011) were usedlhe bored casn-situ pile considered for
validation is 1 meter in diameter a@8 metes long.

The parameters of the soil strata consideratigisection are shown in the table below.

Table4.4 Soil design parameters for the simulation

Layer Fill Clay sand clay sand Clay

Thick (m) 1.4 9.1 9.5 4.5 3.5 9

P+ A 16 18 18.5 18.5 19 18.5

# O+ .71 - 125 - 135 - 125

« AACOA|32 - 36 - 38 -

Es (MPa) 20 87.5 75 10.3 112 87.5
’ 0.30 0.35 0.30 0.35 0.30 0.35

In the FLAC 3D model, eight nodded bricks and six nodded cylindsitaped elements were
chosen for soil and pile, respectivelhe pile is made of reinforcexmbncrete, the behavior was
assumed linear elastiand the MC model has been used to approximate the behavior of the

soil strata.

Field test results were compared with the FLAC 3D model and shown in Figure 4.1.

LOAD (KN)
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

T
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-
-
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-
-

(S/D)*10-2

Field Test ===== FLAC 3D

Figure4.1 Comparison ofdadsettlement graph
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In theabove figurethe curve obtained from the FLAC 3D simulation is shown to be comparable
to field test results with a small deviatiofhe deviation mayhawe resilted fromanunsuitable
estimateof soil-pile interface strengttparametersFurthemore, the extent to which the

simuation deviates from the actual resudts beerromputed and a factor 6f76wasfound.

In general, the FLAC 3D analysis can capturedemrmation behavior of a single pile fairly

well. Thereforethe above simutéon procedures are considengalid for further analysis.

4.2 Comparison betweenNumerical Analysis and Actual Pile Load Test

Results

4.2.1 Load Settlementnalysis result
The LoadSettlement relationshigenerated fronthe numerical analysis was plotted on the
same graphvith the fieldload-settlementurve for two different types of constitutive models

(i.e. MohrCoulomb and DruckelPrager) in Figures 4.2 through 4.6.

Figures 4.2 and 4.3 present the ksadtlement curves of field data and numerical results. When
comparing the curves, it is observedttthe numerical analysis ungegdicts field test results.
Thisdisagreemernmnay be resulted due to the generalized patara used for the soil profile in
the numerical simulation for the pd#ender consideration. However, the curve obtained using
the M-C model outperforms the -B model in terms of exhibiting closeness to the field

measurements.
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Figure4.2 Comparison of finite difference method with pile load test (Nib pile no. 1)
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Figure4.3 Comparison of finite difference method with pile load test (Nib pile no. 2)
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Figure4.4 Comparison of finite difference method with pile load test (United pile no. 1)
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Figure4.5 Comparison of finite difference method with pile Iaadt (United pile no. 2)
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Figure4.6 Comparison of finite difference method with pile load test (Zemen pile no. 1)

As shown in lgures 4.4, 4.5 and 4.&he simulated results asgmostidentical to the ones given
by the field test results at smaller loaddeswever, as the load increasls field test curve begins
to getstiffer and starts to deviate from FLAC 3D predictidhese figures additionalipdicate
that the simulation resultsbtained using MC ard D-P models displathe same behavior.

The DruckerPrager modeturves in Figure4.2 and 4.3 do not show any distinct failure load
point However, all curves obtained usittte M-C model displayed a distinct failure load in

whichthe plastic deformation will start to takes place (i.e. the ultimate pile capacity).

Overall, the simulated results matched the curves of the fieldaidgtwell, but the ultimate
pile capacitywas underestimatetience, in the next section, attemp was maddo explain

the reason by examining the effectvafiousparameters otheload settlement curve
4.3 Parametric Study

43.1 Young6s Modul us

In this sectionaparametric study had been conductadNib bankbuilding projectPile 1 (M-
C mode) by varying the values of ¥ u n g 6 s svaloeg aldnghe pile shaftand at thepile
tip. The results are shown ingres 4.7 through4.10.
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Figure410The ef fect of youngdés modu

The study results obtained by varying Young's modulus showed that, as the sabkstiffn
increases, the settlement decreaseshfe same loadin@l.e. lesssettlemenbccurs for higher

valuesof E).
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4.3.2Soil Dilatancy

Dilatancy is the change in volume that occurs with shear distortion of material. It is used to
describe the tendency of soil to expand or contract in volypoa shearing. It is characterized

by a dilation anglg , which is related to the ratio of plastic volume change to plastic shear

strain.

In this seabn, the effecof varying soil dilatancy,[ on the loaesettlement curve had been
examinedFor ths analysis, the MC Nib Bankbuilding projecipile no. 1 were selected and the

values of were varied fronfi Tttof ..

The curves obtained for different valueg ofire presentenh Figure 411 In the nondilatant
soil [ 1, pile capacity appantly reached its yield and an excessively unconservative

nearly elastic response was predicted by the associative flow rule

When considering associated flow rule with higher dilatancy values, the model will predict
continued plastic dilatancy in sustained plastic loading without reaching a clear plunging point.

The simulation conducted by setting Ttyields relativelysuitableresults
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Figure4.11 The effect of dilation angle on load settlement curve (Nib pile no. 1)
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4.3.3 Angle of Internal Friction
The influence ofthe angle & internal friction on the loadettlement curve as studied by

varying the values frong to 1.5 of 3. The result is presented in Figurel2 below.
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Figure4.12 The effect of angle of internal friction on load settlement curve(Nib pile no. 1)

For the casen Figure 412 no significant cange had been shown in the lesattlement
behaviorin terms of approaching to the actual pile load settleroente exceptfor ultimate
capacityincrementlt can be seen that the ultimate pile capacity increases withdrenents

of shear str engt h apeasorayehigheshear siiengthpérameter value i n g
improves the ultimate pile capacitgincethehi gher possi bl e values
simulation, the next section further investigaaeslitional parametsithat could improve the

estimationof ultimate pile capacity.

4.3.4Coefficient of Lateral Earth Pressure(K)

Figure 4.13 illustrates loaskttlement curves generated for different values of lateral earth
pressure coefficient®s comparison between the results for different valuethelateral earth
pressure coefficient shows similar curves with different plunging points. From previous curves,
it was noticed that the ultimate capacitgsunder predicted. Howeveheselection of siiable
values of Kcan give better pile capacity estimati@owles, 1996). As shown in the figure, the

bestmatched results are for K of 3 times the valuthefateral pressure coefficient at rest
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5. Conclusiorsand Recommendatios
5.1 Conclusion
The purpose of the research viasinderstand the simulation of axially loaded piles in layered
soil usinga finite difference method based softwaaad to determine the loagettlement
relation.Besides a parameter studyas also been performebhe parameter study coulaelp
in identifyingthe extent to which the load settlement curve is affected by various parameters.
comparison wa also made between the actual load test rgs@lt€onsidering the loading part

only) andthenumerical simulation.

The following conclusions we drawn from this research

1 The proposed numerical modelstimen validated with field data and published results
provided by other studiesThe latter produced good resultéth a minordeviation,
which might be inducedby urspecifiedinterfacevalues inthe studyand unsuitable
youngdés modulus values

1 In the Numerical simulation, the pileawmodeled usin@ linear elastic model and the
soil wasmodeled using BP and MC constitutive models. For this particular study, the
results had shown thdte M-C model performed well in terms of showing proximity to
the actual loagettlement curve.

1 The simulation results obtained for united and zemen bank piles correspond well to the
field resultsHowever, the discrepancy regarding the lsattlement curves ofilmbank
piles are due to the generalized soil parameter values employed in the analysis.

1 The study confirmed that using finer mesh near {sigass gradient zones yields
improved accuracy with less computation time. In additive study providesn
optimum mesh generation techniquéor the sizeand ratio keyworddased onthe
relation:size @, z-dimension, ¥*ydimension, 2*xdimension)andratio (1, 1, 1, 1.15)

1 Inthisstudy, nib bank pile 1 asanalyzed to determine the transfer of lcattl e lcad
carried by the pile base whmind to begreater than the skin frictioesistance (i.e. 87.5

% of the total pile capacity).
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1 The ultimate pile capacity was underestimated and using a lateral pressure coefficient of
three times the atest pressuréor nib bank pile 1 produces close ults to the actual
field data

1 It wasnoted that thgeneralized estimates of nib bank pilenaterialparameters were
found toundepredictthe real behavigrhence further imeasing the stiffness values
couldprodwce a better loaegsettlement curve.

1 For the type of saffock simulatedn this particular study, the use @hon-zerodilation
angle desnot help much in getting comparable loadettlement curve with the actual

field result
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5.2 Recommendation

1 Nowadays, numerical analysis is becoming the preferred computational tool in
geotechnical structures. Even new codes of practice, like Eurocode 7 encourage the use
of numericaldesign methodsI'herefore, finite difference method bdgeol (FLAC3D)
can be used as an alternative method to simpitdoadingtest with good quality soil
data, appropriate constitutive modahd boundary conditiorfer the determination of
load-settlement curve

1 Since FLAC 3D is the ideal tool farametric analysis, the developed numerical model
stored in a notepad can be used to perform-aejpth parametric study.

1 The developed 3humericalmodel can be compared with the 2D model and the
computational time can be further reduced

1 The developedchumerical model can be used to compare the relative performance of

various pile design alternatives.
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Appendix A'i Bore hole log data

United bank new headquarter building project

93



94



95



96



97



98









101



102



Zemenbank new headquarter building project




i) AR st pane

104



105



106



S 40D




108














































































