ADDIS ABABA UNIVERSITY

ADDIS ABABA INSTITUTE OF TECHNOLOGY
SCHOOL OF CIVIL AND ENVIROMENTAL ENGINEERING

Deformation Prediction of ground near deep excavation using FEM &
Hand calculation

PROJECT SUBMITTED TO THE SCHOOL OF GRADUATE STUDIES OF
ADDIS ABABA UNIVERSITY IN PARTIAL FULFILLMENT OF THE
REQUIREMENT FOR THE DEGREE OF MASTER OF ENGINEERING IN
GEO-TECHNICAL ENGINEERING

BY: MATIYAS GEBREHIWOT

ADVISOR : ATO AMEYU TEMESGEN (M.Sc.)

NOVEMEBER, 2015 ADDIS ABABA ,ETHIOPIA



ADDIS ABABA UNIVERSITY

ADDIS ABABA INSTITUTE OF TECHNOLOGY
SCHOOL OF CIVIL AND ENVIROMENTAL ENGINEERING

Deformation Prediction of ground near deep excavation using FEM & Hand
calculation

PROJECT SUBMITTED TO THE SCHOOL OF GRADUATE STUDIES OF
ADDIS ABABA UNIVERSITY IN PARTIAL FULFILLMENT OF THE
REQUIREMENT FOR THE DEGREE OF MASTER OF ENGINEERING IN
GEO-TECHNICAL ENGINEERING

BY: MATIYAS GEBREHIWOT

Approved by board examiners:

Advisor Signature Date
2.
External Examiner Signature Date
3.
Internal Examiner Signature Date
4.

Chairman Signature Date



Deformation Prediction of ground near deep excavation using FEM & Hand calculation

DECLARATION

I hereby declare that all information in this document has been obtained and presented in accordance with
academic rules and ethical conduct. I also declare that, as required by these rules and conduct, I have

fully cited and referenced all material and results that are not original to this work.

Name: Matiyas Gebrehiwot

Signature:

Advisor: Ato Ameyu Temesgen (M.Sc.)

Signature:

AAIT Page ii



Deformation Prediction of ground near deep excavation using FEM & Hand calculation

ABSTRACT

Urban development usually require construction close to adjacent structures or directly above
underground infrastructure. The excavation for the new structure induces stresses and strain changes on
the excavated side and displacements onto the nearby ground and the effects have to be evaluated. In our
country especially in Addis Ababa Major Constructions in every direction is now a common practice. So
due to these processes the evaluation or calculation of the settlement induced and the different tools of

computation are high priority.

This research aims at studying the effect of deep excavations on adjacent ground by using both Numerical
methods and Hand calculations methods. Finite element based software (PLAXIS) was used for the
numerical analysis and three different types of hand calculation methods, by the name of Bowels, Peck
and Clough & O’Rourke’s methods, were used. Therefore based on the outputs from these methods it
tried to compare & contrast based on the different criteria’s. Also parametric study was done by varying
Elastic modulus and observing its impact on three types of soils which are soft clay, stiff clay and sand.
Therefore, studying the ground deformation by using the different methods and trying to see their
variation on their prediction is believed to be an important step to develop the knowledge gap on this

matter.

AAIT Page iii



Deformation Prediction of ground near deep excavation using FEM & Hand calculation

ACKNOWLEDGEMENTS

| would like to express my most sincere gratitude to my advisor Ato Ameyu Temesgen (M.Sc.) for his
guidance and suggestions he provided throughout the project. My special thanks go to Ato Ayalneh W.
(M.Sc.) for his time and support he provided me as well.

And | would like to thank Ethiopian road authority and Addis Ababa institution of technology for
granting me this opportunity. Also my classmates who helped me achieve and complete this project; my
deepest gratitude goes to you all. Finally my family who has been there in this journey supporting and

motivating me in every way showing me endless compassion, | am beyond words to thank you.

AAIT Page iv



Deformation Prediction of ground near deep excavation using FEM & Hand calculation

Contents
DECLARATION ...ttt ettt st et sb e st sttt e bt e bt e b et st e saeeenae e bt e b e e sheesabesmneemeeeabeennes i
ABSTRACT ...ttt e b e et e e st e s h et s ae e e et s b e sh e e s atesmeesat e e bt e b e e b e e sneeeneeenneea iii
ACKNOWLEDGEMENTS ...ttt ettt sttt ettt e s he e s atesatesatesbe e bt eabeesbeesbeesatesasesabeens iv
1. INTRODUCTION ... ittt ettt te e e e ettt e e e ee e et e et ee e e e e s s aabbe e eeeeeeeaasneeeeeeeeesaanssbeeeeeeesaannssaaeaeessannnn 1
1.1. BACKGROUND OF THE STUDY ..ctttitiiiiitiitettee ettt et ee s ettt e e e e easete e e e e as s e renaeeeeeessannnnreaeeaeens 1
1,20 OBJECTIVE ..ttt ettt ettt st eh ettt sat e e b e e bt e bt e st e s bt em bt e et e beesbeesaeesaneenneenbesneenneenas 2
1.2.1. GENEIAl ODJECLIVES .....eviee ettt ree e e et e e e et e e e e et e e e s ebtae e e eaaeeeseseeeaeenees 2
1.2.2. SPECIFIC OBJECLIVES ...ttt et e e et e e e et e e s st e e e s eaaeeeeenreeaeenees 2
1.3, IMIETHOD ..ttt ettt e e e ettt ettt e e e e e saaa bttt e e e e e e b ae et eeeeea e nsbbbateeeeesaannseeaaeaeens 2
Fi4.  SCOPE ...ttt ettt e e e ettt e e e e e e e e bttt e e e e e e e bbb rtte e e e e e e nbeaeeeee e e e aanbeaeeeeeee e nrnraeeaaens 2
1.5,  Organization Of the ThESIS .....ueueiiiii i e e e e e e e e e e e e aenraaeeeeas 3
2. LITERATURE REVIEW ....oiiiiiitteiie ittt ettt ettt sttt se e st eae e sttt et e st e sasesme e e b e e b e seeesmeesaeeenneen 4
P D 1T =T o | TSPV PPPPROPRP 4
2.2.  Constitutive soil models available in Plaxis for an excavation problem..........cccccoeiiiiiiicieeennee, 6
2.3 Correlations for different Parameters ... 8
2.3.1 POISSON’S RALIO .eeeutieiiieiiie ettt ettt ettt et st s bt e e s bt e e st e e sabe e s beeeamreeeabeeesreeesreeesaneenn 8
2.3.2 Modulus Of CONESIVE SOIIS ....cccuieriiiiiiiieieee ettt st sbe e s s 8
2.3.3 Modulus for Cohesion 1855 SOIlS.........coiiiiiiiiiiieee e e 9
2.3.4 Soil permeability COBTFICIENT .....uiiiiiiee e et eae e e 10
2.4 Hand calculation Methods ..........c.ii it srees 10
2. 4.1 PeCk’ S MELNOM. ... ittt r e st e s e s e e e e sareeesreas 11
2.4.2 BOWIES'S MELNOM. ... ittt ettt e e e e e s e e s e e e sare e nees 11
2.4.3 Clough and O’RoUrKe’s MEthOd........ccoiiiiiiiiie e e 12
IS BN |V =1 o To o [o] [o = A SRR 14
I8 R CT= T LT - | F TP T U PPN 14
3.2 Finite element method using Plaxis SOftWare........ccuuiiii i 14
7000 N 1o T o1 U R 14
I A oY q Ve [ o g T g Yo I e o Yol 1]y SR 14
B N 0 11 4 o101 S 15

AAIT Page v



Deformation Prediction of ground near deep excavation using FEM & Hand calculation

3.3 Hand calculation Methods ..ot 15
3.3, PECK’'S MELNOM.......eiiiieiierttece ettt st e sb e s s n e e e e s ae 15
3.3.2 BOWIES'S MELNOM. ... it s sre e s s ne e s e e 16
3.2.3 Clough and O'Rourke’s Method...........uouiii it e e e e e e e e e 17
4.  Data Collection and ANAIYSIS.....uieii ittt ee e e eccee e e e e e e e e e stbtere e e e e e e eeabnbteeeeeeeeesarraaaeeeeaeeannns 18
B D | 7 [ 6] | [<Tot o] o T PSSO P PPV SOPRPRP 18
.2, PLAXIS ANAIYSIS.ciiiiiiiiiiiiiie e eectee ettt e ettt e e et e e e et e e e e et e e e e e etta e e e e bt e e e eaabaeeeeartaeeeearteeeaanrreeeennreeas 19
4.3.  Hand Calculation MethOds.......c.c.eeiieiiiiieiie ettt 39
4.3.1 PeCk’S MELNOM ...ttt esate e s sar e e s b e e sreeenareeeaee 39
4.3.2 BOWIES'S METNOM. ....coiiiiiiiiie ettt esr e e s ne e e sbeeeane 41
4.3.3 Clough and O’RoUrke’s METhod . ....ccuuviiiiieii e s sree e e 45
5. DISSCUSSION ...ttt ettt sttt ettt b e s b e sa et eat e e bt s bt e bt e saeesabeeme e e bt et e e nneenbeesbeeeseesnnesareenne 49
6. Conclusion and RECOMMENAALION ......oiviiiiiiiiiie et 56
6.1 CONCIUSION .ttt ettt s e et sa e e sbe e e s bt e e sae e e sabeesabeeeambeeeabeeesreeesreeesaeeesareenns 56
6.2 RECOMMENAATION ... .ttt ettt s it e st e e s be e sbeesseeesnbeeesbeeesaseesaneeesaseesans 56
7. REFERENGCES ...ttt ettt ettt et ettt e e e e e s b ettt e e e e e e e ae b et e eeeeeaeanbbbeeeeeeesaaannnnaeaeeeesanaanns 57
8. APPENDIX ..ttt ettt st h e e h b b et e bt e a et e bt b et b e e et sat e e neenreeabeenree e 58

ApPPendiX 1 PLAXIS MODELS........ooiiiitiiteee ettt sttt sttt sre e bt sse e sreesabeenneeaneenneens 58

AAIT Page vi



Deformation Prediction of ground near deep excavation using FEM & Hand calculation

List of Tables
Table 1 Typical Ranges of POiSSON'S RAtIO [4] ..ccicuiiieiiiiiieeeciee ettt ettt e et e e e eete e e e e e ere e e e eeabeaeeeeareeaeens 8
Table 2 Typical Ranges of Modulus fOr Clay [4] .......couccieee e are e e e rra e e e saaae e 9
Table 3 Typical Values of modulus for cohesion 1€ss SOils [4] .....c.ueeeeiiiiieeciiiee e 10
Table 4 Ground deformation for soft clay E=S5MPa.........uuiiiiiii it 21
Table 5 Ground deformation for soft clay E=L15MPa......ceeiiiiieeiciiiieccee et 24
Table 6 Ground deformation for soft clay E=25MPa......ceciiiiii i 26
Table 7 Ground deformation for stiff clay ES50MMPa ..........uviiiiiiiiccciiieee et e e e e aenraae e 28
Table 8 Ground deformation for stiff clay E=75MPa ......ccooiiiiii i 30
Table 9 Ground deformation for stiff clay ES100MPa ........couiiiiiiieeeeeee e eee s 32
Table 10 Ground deformation for sand E=50MPa..........oiiiiiiiiiiiiiiee et 34
Table 11 Ground deformation for SaNd E=B65MPa.........ueeieciiieeiiiiiee et e et e e e srre e e s nbaee e e e s 36
Table 12 Ground deformation for sSand E=8LIMPa.........cuviviiiieiiiiiiee ettt 38
Table 13 Peck's method for stiff clay settlement enVelope.........cceeviiieiiei e, 40
Table 14 Peck's method for sand settlement eNVEIOPE .........oeeeviiiiieciii e 40
Table 15 Bowles's method for soft clay soil settlement envelope ..., 42
Table 16 Bowles's method for stiff clay settlement envelope.........ccuveveeeiiecciiee e, 43
Table 17 Bowles's method for Sand settlement eNVEIOPE ......ccccueeiiiciiiiiicciiee e, 44
Table 18 Clough and O’Rourke’s method for sand settlement envelope.........cccceeeeeeeccciiieee e, 45
Table 19 Comparison of Maximum ground deformation for PLAXIS and Hand calculation methods ....... 54

AAIT Page vii



Deformation Prediction of ground near deep excavation using FEM & Hand calculation

List of Figures

Figure 1 Peck's method for estimating ground surface settlement ...........ccccciiiiiiiiicci e, 11
Figure 2 Bowles's method for estimating ground surface settlement ...........cccooovieeieiiiiiciiec e, 12
Figure 3 Clough and O'Rourke's method for estimating ground surface settlement (a) Sand, (b) Stiff to
stiff clay and (c) SOft to MEdiUmM SOt Clay......cuviii it et 13
Figure 4 Peck's method for estimating ground surface settlement ........ccccovvveeciiiiinciee e, 15
Figure 5 Bowles's method for estimating ground surface settlement ...........cceooieeieiiiiiicciee e, 17
Figure 6 Clough and O'Rourke's method for estimating ground surface settlement (a) Sand, (b) Stiff to
stiff clay and (c) Soft to Medium SOt Clay......ccuueei e e e 17
T U] o O Yo Y| 1Y, Vo Yo 1] PR 19
Figure 8 Plaxis model output of Ground deformation for soft clay E=5MPa.......ccccoeveiiciiiiieeeeeccciiiieeee, 20
Figure 9 Ground deformation for soft clay ES5IMPa.......ccccciiiiiiiiiie et e e e saanee s 22
Figure 10 Plaxis model output of Ground deformation for soft clay E=15MPa .......ccccccvvviveeeeevccciieeeeen, 23
Figure 11 Ground deformation for soft SOil EZ15MPa.........cceiiiiiiciiiiiiecee et rrae e 24
Figure 12 Plaxis model output of Ground deformation for soft clay E=25MPa ........ccccceeeeviieeeccineeecnnnnn, 25
Figure 13 Ground deformation for soft SOil EZ25MPa.........ueeiiiiiicciiieeee ettt ree e 26
Figure 14 Plaxis model output of Ground deformation for soft clay E=50MPa ........cccccvvviveeeeecccciieeeenn, 27
Figure 15 Ground deformation for stiff clay E=50MPa.....ccc.uviiiiciiiiiiiiiiecciiee et e s evae e e s e s 28
Figure 16 Plaxis model output of Ground deformation for soft clay E=75MPa ........cccccvviveeeiecccciieeeen, 29
Figure 17 Ground deformation for stiff clay E=75MPa.......coeiiiii it 30
Figure 18 Plaxis model output of Ground deformation for soft clay E=100MPa ........cccceeecvveeeevivieeecinnenn, 31
Figure 19 Ground deformation stiff clay EZ100IMPa .......cuviiiiiiiiiiiiiiiee et e et ree e e e e e earnraeee e 32
Figure 20 Plaxis model output of Ground deformation for soft clay E=50MPa ........ccccccvvviveeeeevccciieeeeen, 33
Figure 21 Plaxis model output of Ground deformation for soft clay E=65MPa .........cccceeevvvreeecciveeecnnnnn. 35
Figure 22 Ground deformation for sand E=65MPa............ooeiiiiiii it e e 36
Figure 23 Plaxis model output of Ground deformation for soft clay E=81MPa .........cccccvvvvveeeeeiecciinenennn. 37
Figure 24 Ground deformation for sSand E=81IMPa.........ccccciiiiiiiiiiie ettt e e e sevae e e anree s 38
Figure 25 Peck's method for estimating ground surface settlement ..........ccccvviveiiieicccciiiee e, 39
Figure 26 Peck's method for estimation of ground surface settlement..........cccceveeriiiiiiee e, 40
Figure 27 Bowles's method for estimating ground surface settlement .........cccccovieiviieiiiciee s, 41
Figure 28 Bowles’s method estimation of ground surface settlement for soft clay .....ccccceeeeeiieccnnnnnnne.n. 42
Figure 29 Bowels’ method estimation of ground surface settlement for stiff clay........ccccocvvveieciennnnnen. 43
Figure 30 Bowles’s method estimation of ground surface settlement for sand..........cccceeeveericiieeecnnnen. 45
Figure 31 Clough and O’Rourke’s method estimation of ground surface settlement for sand ................. 46
Figure 32 Clough and O’Rourke’s method estimation of ground surface settlement for stiff clay............ 47
Figure 33 Clough and O’Rourke’s method estimation of ground surface settlement for soft clay............ 48
Figure 34 Estimation of ground surface settlement for soft clay using (a) Plaxis software (b) Bowles’s
method (c) Peck’s method (d) Clough and O’Rourke’s method .........ccccuiviiiiiiiiciiiee e 50
Figure 35 Estimation of ground surface settlement for soft clay using (a) Plaxis software (b) Bowles’s
method (c) Clough and O’ROUIKE’S MENOM .......cccuuiiiiiiiiieece e e 52

AAIT Page viii



Deformation Prediction of ground near deep excavation using FEM & Hand calculation

Figure 36 Estimation of ground surface settlement for soft clay using (a) Bowles’s method (b) Plaxis

software (c) Clough and O’RoUrke’s METROd..........cueiiiiiiiiie et et erae e 54
T U] e Ao Y1 IV o Yo 11 AU 58
Figure 38 Deformed shape after phase 1 ........oooiiiiiiiiie e raree s 59
Figure 39 Deformed shape after Phas@ 2 ...t e s 59
Figure 40 Deformed shape after Phase 3 ..... ... e e e e e raaaeee e s 60
Figure 41 Deformed shape after phase 4 (final deformation)........ccccccvveeeiiiiiicii e, 60

AAIT Page ix



Deformation Prediction of ground near deep excavation using FEM & Hand calculation

1. INTRODUCTION

1.1. BACKGROUND OF THE STUDY

The high rate of construction of, high buildings and transport facilities, from previous times in
urban areas makes excavation very common. Due to the congested life style in these urban
areas the excavations mostly take place near existing structures. Even though there are mostly
retaining structures around deep excavations the additional stress and strain induced is difficult
to prevent totally. So the damage potential on the nearby structures and ground has to be
assessed and if necessary apply any preventive measures in design.

In our country especially in Addis Ababa Major Constructions in every direction has been
common norm. In addition to the construction of the high rise building there is large
construction of Asphalt roads and light railway project. There was large volume of excavation in
the city due to the construction of especially the transport facilities. The case of the ground
settlement is of large concern due to the probability of additional settlement that might be over
the design limit.

Depending upon the depth of the excavation there might be excess displacement of the
retaining wall and that has large impact on the adjacent ground. The soil type of Addis Ababa is
mostly the difficult black cotton soil and most of the existing structures founded on this type of
soil are sensitive to additional stress and displacement that comes from these excavations.

Deep excavations in urban areas require special measures due to the buildings and other
engineering constructions existing nearby. They must be designed in such a way that the
elements of bracing system and neighboring structures & ground meet both ultimate and
serviceability limit state requirements. In the first case, there might be no major difficulties to
meet these requirements whereas in the serviceability limit state, especially for the nearest
structures and ground; there are some specific demands which have to be fulfilled by
geotechnical engineers. On the one hand, in case of any damage caused, it is related to possible
claims of the owners of neighboring buildings and ground and on the other, to the legal
requirements and necessity for determination of impact zones and their environmental
influence during execution and operation stages.

The environmental impact is usually related to displacements and strains caused by deep
excavations and also additional stresses incurred. The most common are displacements of
retaining structures and settlements of the adjacent grounds.
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When roads are excavated, retaining walls are used so that the soil behind the wall does not
affect the adjacent soils. Though retaining structures are provided, there might be additional
stresses and settlements incurred on the nearby ground & existing structures and foundation
systems. This effect of construction activities near adjacent structures on soils and the
settlement of the ground might not have been given much attention as it should have been
given as it can be observed in some parts of Addis Ababa. Studying the existing ground &
structure and design of the new construction could be vital in knowing the detail effects and
being responsible for existing structures and nearby ground.

This research aims at studying the effects of the deep excavations on adjacent ground and
analyzing the settlement with both FEM using PLAXIS and some hand calculation methods. It
also tries to see the effect varying elastic modulus has on the magnitude of the ground
settlement.

1.2. OBJECTIVE

1.2.1. General Objectives
To study the effect of deep excavations on adjacent ground using finite element based software
(PLAXIS) and Hand calculation methods.

1.2.2. Specific Objectives
To study the impact of varying elastic modulus on settlement of the ground by using finite
element based software (PLAXIS).

Comparison of the deformation found using both PLAXIS and the hand calculation methods.

1.3. METHOD

The analysis of deformation to the ground was conducted by using finite element based
software (PLAXIS) and Hand calculation methods. So the parameters to be included in the
modeling was organized. Then using both the software & the hand calculations the deformation
of the ground was analyzed and presented. The soil types chosen to be analyzed on this
research are Soft clay, Stiff clay and Sand. The parametric study on deformation was conducted
by varying the elastic modulus. Then these different deformation outputs were compared with
each other to help us better understand their difference. Also further researches were
recommended.

1.4. SCOPE
This research study the deformation on the ground near deep excavation. There are case
studies to represent each of the three soil types chosen to be analyzed on this paper.
Parametric study was conducted for each case study by varying the elastic modulus to calculate
the different ground deformation shapes using the FE based software PLAXIS. Hand calculation
methods were also used to compute the deformation.
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1.5. Organization of the Thesis

The thesis is organized in the following six main chapters.
Chapter one has the introduction part, objective, method and scope of the study.

Chapter two, deals with the literature review about Numerical methods & hand calculations of
deep excavations, Soil models used in the parametric study and numerical analysis of practical
projects (PLAXIS FE - program), correlations for the different parameters and also some of the
earth pressure theories.

Chapter three describes in detail the methodology that is used for both the Plaxis and hand
calculation methods such as the input, conditions and process & output of the methods.

Chapter four describes in detail the different case studies that are covered by this paper & their
analysis by using PLAXIS and also hand calculation methods.

Chapter five presents the results & discussion of the analysis in chapter three.

Chapter six deals with Conclusion based on the results and the recommendation for further
research topics.
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2. LITERATURE REVIEW

2.1. General
Analysis of deep excavations is usual required before going into design. Deep excavation
analysis is a typical soil structure interaction problem. Soil is a nonlinear, inelastic and
anisotropic material. Its behavior is normally affected by water contents. Some types of soils
have characteristics of consolidation and creep. Theoretical, analysis of deep excavation
involves simulations of elasto plastic behavior of soil interface behavior between soil and
retaining walls and the excavation process. Some simulation theories are not fully developed,
and some are too complicated to be used in practical a the present stage to sum up, a
reasonable excavation analysis, at the present stage, should make use of conventional soil
mechanics and simple structural mechanics, along with appropriate modifications according to
field observation. [9]

The experiences with performance of deep excavation support system and the factors that are
most important in controlling the performance has been summarized. These factors include the
type and strength of the soil around and beneath the excavation, the excavation and
supporting procedure, and workmanship. Beside the above factors, the ground water condition,
the flexibility or rigidity of the components used for construction, the time taken for
construction are also important factors that influence the performance of excavations.[1]

The analyses necessary for an excavation design include stability analysis and stress and
deformation analyses. The aim of the stability analysis is to avoid collapse of an excavation due
to the insufficiency of the strength of soils. Stress analysis is necessary for the design of
structural components and deformation analysis aims at diagnosing the wall deflections and
soil movements caused by excavation to protect adjacent properties.

The stress and deformation engendered by excavation may arise from either unbalanced forces
or construction defects. The former are produced by the clearance of soil in the excavation
site. The larger the unbalanced forces, the greater the movements of soils within the influence
range of excavation. Construction defects can cause, in less serious situation, extra wall
deflection, greater ground settlement and excavation bottom movement or,in serious
conditons, collapses of excavations and damage to adjacent buildings and public facilties. The
magnitude of stress and deformation due to construction defects cannot be predicted through
theoretical simulation or emperical formulae. Such conditions can only be prevented by the
improvement of construction quality.

The stress and deformation analysis methods for excavation include the simplified method and
the numerical method. The latter can be further classified into the beam on elastic foundation
method and the finite element method. Generally speaking, simplified methods employ the
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monitoring results of excavation case histories and then sort them into the stress and
deformation characteristics of retaining walls and soils. The charactrestics are useful not only to
help understand the actual excavation behavoir but to offer information for excavation-induced
stress and deformation analyses.

As far as the wall deformation and ground surface settlement are concerned, the simplified
method, which is inferred from field measurement results, represents the effect of every
relevant element on deformation. Therfore, it can lead to effective predictions, without much
complexity, for similar excavation projects, interms of soil conditions, construction methods,
and engineering designs. Besides, some people have also conducted systematic parametric
srudies using numerical methods and induced the deformation characteristics of excavation,
which can be used for the prediction of wall deformation and ground settlement.

Clough and O’Rourke found that the wider the excavation, the larger the deformation of the
retaining wall. As a matter of fact, for a typical excavation the wider excavation, the larger are
the unbalanced forces; the larger the unbalanced forces, the greater is the wall deformation.
Moreover, the factor of safety against basal heave for soft clay decreases with and their
excavation depths [9]. In most of the case histories, the deformation of a retaining wall
deteriorites with the increase of the excavation depth.

Theoretically,the defomation of a retaining wall will decrease with the increase of the stiffness
of the retaining wall. However, the amount of decrease does not have a linear relationship with
the increament of stiffness. The increase of wall thickness or wall stiffness to reduce wall
deformation is certainly effective, but only to a certain extent [9]. Thus, to decrease the
deformation by way of increasing the thickness of the retaining wall will not be very effective.

Shortening the vertical spacing of struts can effectively decrease the deformation of a retaining
wall because the stiffness of the strut system is raised. We can see that soil in back of the
retaining wall moves forward and down with the retaining wall deforming under normal
conditions and ground settlement will thus be produced. Thus, the factors causing wall
deformation will also produce ground settlement.

The shapes or types of the ground surface settlement engenderd by excavation can be
categorized into the spandrel type and the concave type. The main factors responsible for
these two types of ground surface settlements are the magnitude and shape of deformation of
the retaining wall.

Peck proposed that the influence zone of settlement should be two or three times of the
excavation depth. Clough and O’Rourke proposed excavation in sandy soils may induce an
influence zone of settlement about twice of the excavation depth. As for stiff to very stiff clay,
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three times the excavation depth. Soft or medium soft clay, twice the excavation depth. In
addition to the above,there are various other suggested values of the influence zone [9].

However, most of them are lacking in formal defintions of the influence zone and the
excavation depth is the only parameter in estimating the influence zone. Nevertheless,
numerical analyses and studies of the characteristics of ground settlement from excavation
case histories, the influence zone of ground settlement doesnot relate exclusively to the
excavation depth. It also relates to the excavation width, the loacation of the hard soil,etc

2.2. Constitutive soil models available in Plaxis for an excavation
problem
Ideally a soil model would be able to predict the stress-strain and time dependent behavior
under all types of loading. However, such models are mathematically complex and difficult to
use.

Therefore, a solution to practical problems requires that some simplifying idealization is made
regarding the behavior of soils. The elasto-plastic cap models have the advantage that they
address the important behavior of soils, such as non-linearity, stress-path dependency,
plasticity, dilatancy and compaction, etc. However, there is still a need at least to partially
evaluate the response of each constitutive model to some typical stress-strain paths associated
with laboratory or field conditions. [1]

A summary of the basic features, the failure criteria, the required soil parameters, range of
application, etc. of the three main soil models available in PLAXIS is presented as follows.

Mohr-Coulomb Model (MCM)

It is an elastic perfect plastic model

Its basic features are

e offers a special option for the input of a stiff-ness increasing with depth
e Soil dilatancy

It has Isotropic State of stress

The required soil parameters are c’, @ °, ¢, Young’s modulus E, v

Its Range of Applications is on All types of soils

- This is the soil model used in this paper for Plaxis analysis.
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Hardening Soil Model (HSM)

It is an elasto-plastic strain hardening cap model

Its basic features are

e stress dependent stiffness according to power law
e Plastic straining due to primary deviatoric loading
e Plastic straining due to primary compression

e Elastic unloading/ reloading

* Hyperbolic stress-strain relation

* Soil dilatancy

It has Isotropic State of stress

The required soil parameters are ¢’, ¢ *, angle of dilatancy { , secant stiffness in standard
drained triaxial test E so ™', unloading/reloading stiffness Eu ", tangent stiffness for primary
oedometer loading, E™feq, power m, Poisson’s ratio for unloading/reloading vy, and Ko

Its range of Applications is on All types of soils

Soft Soil Creep Model (SSCM)

It is an elasto-plastic work hardening cap model

Its basic features are

e Stress-dependent stiffen (logarithmic compression behavior)
e Distinction between primary loading and unloading/reloading
¢ Secondary (time-dependent) compression

* Memory of reconsolidation stress

The required soil parameters are c’, @ °, U, modified compression index A*, modified swelling
index k*,modified creep index u*, vur, M is a parameter which is a function of Ko

It has Isotropic State of stress

Its Range of Applications is on normally consolidated or lightly over consolidated clay or clayey
soils
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2.3 Correlations for different parameters
2.3.1 Poisson’s Ratio
When investigating or predicting the deformation of the ground the deformation properties are
mostly described by Young’s modulus (E) and Poisson’s ratio (v). These properties are obtained
most often from the results of triaxial compression tests. The modulus is the ratio of the stress
to strain and is obtained from the slope of deviator stress-axial strain curves. Poisson’s ratio is
the ratio of the radial strain to the axial strain.

As with the modulus, Poisson’s ratio is both nonlinear and stress-dependent. However, the
range of v is relatively small compared with the range of E, and therefore less effort usually is
made in evaluating V precisely. For elastic materials, Young’s modulus and Poisson’s ratio are
interrelated uniquely with the shear modulus (G) as follows:

G=E/2(1+v)

Poisson’s ratio for isotropic elastic materials, the entire range of V is from 0 to 0.5. For dilatant
soils that are inelastic, V may exceed 0.5. However, it should be remembered that the behavior
is no longer elastic in this case. For undrained loading of saturated cohesive soil, no volume
change occurs; therefore the v, is equal to 0.5 by definition. For drained loading, volume
changes occur and the drained Poisson’s ratio varies with soil type and consistency.

*

Soil Type Description 0

Clay Soft 0.35-0.40
Medium 0.30-0.35
Stiff 0.20-0.30

Sand Loose 0.15-0.25
Medium 0.25-0.30
Dense 0.25-0.35

Table 1 Typical Ranges of Poisson's Ratio [4]

2.3.2 Modulus of Cohesive Soils

The response of cohesive soils to loading is time dependent. For initial quick loading conditions,
the response is undrained. The excess pore water pressures developed will dissipate with time
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leading to consolidation. For undrained loading, the modulus of cohesive soils can be described
by either the Young’s modulus (E,) or the shear modulus (G).

A number of authors have given typical ranges for the undrained modulus and these ranges are
summarized in the next table. Most commonly, the undrained modulus is normalized directly
by the undrained shear strength from the same test to give Eu/S..

Normalized Undrained Modulus , Eu/Pa

Consistency

Soft 15 to 40
Medium 40 to 80
Stiff 80 to 200

Table 2 Typical Ranges of Modulus for Clay [4]

Alternatively the modified cam clay model can be used to provide an estimate of the
undrained modulus ratio. Wroth, et al. suggested the following:

(Eu/Su)oc /(Eu/su)nc = (G/Su)oc/(G/Su)nc= (1+c In OCR ) OCR

Correlations with SPT, CPT and PMT Results

The PMT provides a measurement of the horizontal modulus in soils. In clays, it is assumed
commonly that Epvt = E,. For practical use, attempts have been made to correlate Epmr = Ey. For
practical use, attempts have been made to correlate Epmt with the SPT N value, it is clear that
more than an order of magnitude variation is possible when using N values as the sole
predictor. [10]

2.3.3 Modulus for Cohesion less soils

Cohesion less soils don’t exhibit significant time dependency to loading caused by excess pore
water stress dissipation and therefore the modulus under undrained loading conditions exists
only briefly.
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Normalized Elastic Modulus, Eq/Pa
Consistency
Typical Driven Piles
loose 100 to 200 275 to 550
medium 200 to 500 550 to 700
dense 500 to 1000 700 to 1100

Table 3 Typical Values of modulus for cohesion less soils [4]

2.3.4 Soil permeability coefficient

The soil permeability is a measure indicating the capacity of the soil or rock to allow fluids to
pass through it. It is often represented by the permeability coefficient (k) through the Darcy’s
equation:

V=ki

Where v is the apparent fluid velocity through the medium i is the hydraulic gradient, and K is
the coefficient of permeability (hydraulic conductivity) often expressed in m/s

K depends on the relative permeability of the medium for fluid constituent (often water) and
the dynamic viscosity of the fluid as follows.

K= (Gamma_w)*K/ (Eta)

Where Gamma_w is the unit weight of water Ei; is the dynamic viscosity of water K is an
absolute coefficient depending on the characteristics of the medium (m?)

Empirical relations to determine the soil permeability coefficient
For Sands, the coefficient of permeability can be estimated from the Hazen's equation:
K= 1072 D102

Di1o is the effective size in mm.

2.4 Hand calculation methods

There are empirical formulas to predict ground surface settlement and the characteristics of
soil movement. Many empirical formulas have been proposed but on this paper we only see the
three most well-known ones.
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2.4.1 Peck’s method

Peck was the first to propose a method to predict excavation-induced ground surface
settlement, based on field observations. He mainly employed the monitoring results of case
histories in Chicago and Oslo and established the relation curves between the ground surface
settlement and the distance from the wall for three types of soil which are Soft clay, Stiff clay
and Sand.

Basically, the curves derived from Peck’s method are envelopes. Since Peck’s method is the first
to derive an empirical formula to predict the ground surface settlement induced by excavation
and is simple to apply, it is still used by some engineers.

d/H, (%)
0.0 1.0 20 3.0 4.0

0 | | |

1
S
=
e
IQ 2

3 -

Figure 1 Peck's method for estimating ground surface settlement

2.4.2 Bowles’s method

Bowels is one of the researchers who suggested a procedure to estimate excavation-induced
ground surface settlements which is one of the most known empirical methods.
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Lateral wall deflection————

Excavation surface

Figure 2 Bowles's method for estimating ground surface settlement

2.4.3 Clough and O’'Rourke’s method

Clough and O’Rourke (1990) proposed various types of envelopes of excavation induced ground
surface settlements for different soils on the basis of case studies. According to their studies,
excavation in sand or stiff clay will tend to produce triangular ground surface settlement. The
maximum settlement will be found near the retaining wall. The envelopes of ground surface
settlement are shown in Fig below whose influence ranges from 2He to 3 He where He is the
final excavation depth. Excavation in soft to medium clay will produce a trapezoidal envelope of
ground surface settlement. The maximum ground surface settlement occurs in the range of
0 < d/He < 0.75 while 0.75 < d/He < 2.0 is the transition zone where settlement decreases from
the largest to almost none.
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Figure 3 Clough and O'Rourke's method for estimating ground surface settlement (a) Sand, (b) Stiff to stiff clay and (c) Soft to

medium soft clay
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3. METHODOLOGY

3.1 General
As mentioned crudely in the introduction part of this paper the main objective of this paper is to

compute the surface deformations of ground near deep excavations by using both numerical and hand
calculation methods. On this paper finite element based software PLAXIS was used for the numerical
method and some of the commonly used hand calculation methods are used for the analysis. In this

section these analyses methods methodology is in detail discussed.

3.2 Finite element method using Plaxis software
Plaxis software is used for the modeling of different types of problems. On this paper it was used to
model dry excavation using anchored pile. The anchored is pre stressed with some amount of force to
resist the active pressure created by the excavation.

3.2.1 Input

The software requires the following parameters to model the problem; which are excavation width &
depth, pile dimension, soil and interface properties such as material model type, unit weight,
permeability, Young’s modulus, Poisson’s ratio, cohesion, friction angle, dilatancy angle, interface
reduction factor, anchor rod & grout body parameters such as length, thickness, angle of anchor
installation, spacing, modulus of elasticity and moment of inertia. For the generation of mesh it is
advisable to set the Global coarseness to medium. In addition the stress concentration is expected
around the grout bodies so a local refinement is proposed here. Then finally the initial conditions are
generated.

3.2.2 Conditions and process

The excavation follows a staged construction process which consists of different phases. All calculation
phases are defined as plastic calculation using staged construction as loading input and standard
settings for all other parameters. The activities involved in each phase of the staged construction that
are used for this research model can be stated as follows:

Phase 1

- Activate the wall
Phase 2

- Deactivate the upper cluster of the excavation
Phase 3

- Activate the geogrids
- Double click the upper node to node anchors and adjust the pre stress force value on the
window that appears.
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Phase 4
- Deactivate the second cluster of the excavation

3.2.3 Output

The outputs of the plaxis analysis are presented numerically incorporated with pictorial
representation. The results of the analysis include deformation, stress, bending moment, strain,
velocity and acceleration, Active & excess pore pressure.

The vertical deformation of the ground for the different case studies is presented on the next
chapter. The different outputs of the analysis for each phase can found on the annex portion of
the paper and it demonstrates some of the outputs found from the software pictorially.

3.3 Hand calculation methods

There are empirical formulas to predict ground surface settlement and the characteristics of
soil movement. Many empirical formulas have been proposed but on this paper we only use
the three most well-known ones.

3.3.1 Peck’s method

Basically, the curves derived from Peck’s method are envelopes. Since Peck’s method is the first
to derive an empirical formula to predict the ground surface settlement induced by excavation
and is simple to apply, it is still used by some engineers.

d/Hc (%)
0.0 1.0 2.0 3.0 4.0

1] I | i

|
S
~
5
If‘:‘ 2

3 -

Figure 4 Peck's method for estimating ground surface settlement

The inputs needed for computing the vertical deflection of the ground surface are
He= Height of excavation

d= Distance from the wall
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ov= ground surface settlement

The three ranges of zones seen on the figure above represent three different types of soils.
Zone | represent sand, Zone Il represent stiff clay and Zone Il represent soft clay soil type.

Therefore, as the ratio of the distance from the wall to the excavation depth is given by the
above fig. we can easily compute the vertical settlements for the each soil type.

3.3.2 Bowles’s method

Bowels (1986) suggested a procedure to estimate excavation-induced ground surface
settlements which can be described as follows:

Compute the lateral displacement of the wall using the finite element method or the beam on
elastic foundation method.

1. Compute the area of the lateral wall deflection (aq).

2. Estimate the influence range of ground surface settlement (D) following Capse’s method
(1966):

D = (He + Hqg) tan (45 - ¢/2)

Where He = the excavation depth ; Hd = B if ¢ = 0 and Hd = 0.5 B tan(45+¢/2) if ¢ > 0, where B=
the excavation width and ¢ = the parameter of soil strength.

3. Suppose the maximum ground surface settlement is located at the intersection of the wall
and ground surface. Estimate the maximum ground surface settlement:

Svm = 4ad/D

4. Suppose the ground surface settlement exhibits parabolic distribution. The settlement (dy) at
Ixcan be computed as follows:

Sv = 8vm (Ix/D)2

Where Ix = distance from a point at the distance of D from the wall and &, = the settlement at
the distance of Ix.
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Lateral wall deflection————

Excavation surface

Figure 5 Bowles's method for estimating ground surface settlement

3.2.3 Clough and O’Rourke’s method

Clough and O’Rourke proposed excavation in sand or stiff clay will tend to produce triangular
ground surface settlement. The maximum settlement will be found near the retaining wall. The
envelopes of ground surface settlement are shown in Fig below whose influence ranges from
2He to 3He where He is the final excavation depth. Excavation in soft to medium clay will
produce a trapezoidal envelope of ground surface settlement. The maximum ground surface
settlement occurs in the range of 0 < d/He < 0.75 while 0.75 < d/He < 2.0 is the transition
zone where settlement decreases from the largest to almost none.

dr H, i

nuﬂ_{} os LG 1.5 20 0o 0.5 1L.O I.5 20 25 3.0

Settlerment envelope Settlement envélnpe

—
i =
- o
1. —==
o HI“ =
& P
@ ®
2,
O oS 1.0 1.5 e 4] o
O
3 e W
- &5 (=]
1.0 4 Settlement envelope

(<)

Figure 6 Clough and O'Rourke's method for estimating ground surface settlement (a) Sand, (b) Stiff to stiff clay and (c) Soft to
medium soft clay
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4. DATA COLLECTION AND ANALYSIS

4.1. Data Collection
The input data’s needed for both the Plaxis analysis and the hand calculation methods are discussed in
detail in the previous section of the paper. Different methods have been used to collect the necessary
data’s for these analyses.

- The pile or plate is made of C-25 concrete with a diameter of 40cm.

Pile (Plate) parameters

Modulus of elasticity, E = 5000 Vfc  where fc = concrete strength parameter

Concrete class of C-25 has been used to model the pile with fc=25KPa

E = 800Mpa
EA = 1.008*10° KN/m:; Area=T[r?>=0.126m?
El = 1257 kNm?/m; Moment of inertia for circular section (I) = TD?/64 = 1.257*103m?

Weight of pile (W) =yv =12.52 kN
Poisson’s ratio (V) = 0.15

- The anchor rod is made of high strength steel therefore it can be considered to have
modulus of elasticity equal to steel. The anchor rod has three strands each with 0.6 inch
diameter and a force carrying capacity of 120kN (which value is obtained from a
practical or actual design of our country)

Anchor rod

Modulus of elasticity, E =200GPa (steel)
EA = 7.296*10%KN

Spacing in between anchors Ls = 1m

The prestress force for the anchor rod is 300kN (which is 85% of the carrying capacity of the
three strands, as is used in practical design cases)

- The grout body is high stress concentration area so it’s grouted with high quality cement
with water which is slurry type. So it has high strength and from an expert on the field
it’s suggested its class is as high as C-40 concrete.
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Geogrid

Modulus of elasticity, E = 5000 Vfc fc= 40kpa
E = 1000MPa

Diameter= 130mm

A= T[D2/4= 0.0133m?

EA=1.33*10% kN/m

The parameters for the soil and interface are obtained from well known (standard) published
books such as Bowels and others. These range of values obtained from those books can be
found for reference on the annex section of this paper.

4.2. PLAXIS Analysis
The plaxis model used in this paper is an anchored pile type. This model type has $40cm pile
with a spacing of 1.0m. The width of the excavation is 30m but due to its symmetry it’s
modeled as only the half section. It also has an anchor rod with three strands each carrying
85% of their maximum capacity which is 300kN in total.

e |
e U
] I8
| e
ek i
. . |
| Il
U I
:‘w& - -— e

I +* -

Figure 7 Soil Model

This Plaxis model is used for parametric study on Elastic modulus E by using three different
types of soils. The three soil types are soft clay, stiff clay and sand. So by only varying the elastic
modulus on each soil type the ground surface deformation is analyzed. For each soil type three
different E are used and analyzed.
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Soft Clay

Case 1

Input Datas

Modulus of elasticity E; = 5MPa
Unsaturated unit weight yunsat= 16 kN/m3
Saturated unit weight ys.t = 18 kN/m?
Permeability coefficient kx = ky= 0.001m/day
Poisson’s ratio V= 0.25

Cohesion C= 10 kN/m?

Angle of internal friction ¢ =20°

Dilatancy y =0 (It is tendency to be more viscous or solid when affected by an outside force mostly a

property of cohesion less material)

Interface reduction factor Rint= 0.5

"
BL:2 + +F +F +F +F +F +F +F

Deformed Mesh
Exireme lolzl c s cement 271.41%10 3m

{cisplzcemenis sceled up 5.00 fimes)

Figure 8 Plaxis model output of Ground deformation for soft clay E=5MPa
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Ground Deformation

Deformation
x (m) (m)
0 0.055
0.5 0.052
1 0.049
1.5 0.046
2 0.043
2.5 0.04
3 0.037
3.5 0.034
4 0.031
4.5 0.028
5 0.025
5.5 0.022
6 0.019
6.5 0.016
7 0.013
7.5 0.01
8 0.007
8.5 0.004
9 0.001
10 0
11 0
12 0
13 0
14 0
15 0

Table 4 Ground deformation for soft clay E=5Mpa
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Distance from the wallin m
0 2 4 6 8 10 12 14
0 Il
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
0.05
0.055
0.06

——Soft clay E= SMPa

Ground surface settlementin m

Figure 9 Ground deformation for soft clay E=5Mpa

Soft Clay

Case 2

Input Datas

Modulus of elasticity E; = 15MPa
Unsaturated unit weight yunsat= 16 kN/m3
Saturated unit weight ysa:= 18 kN/m3
Permeability coefficient Kx = ky= 0.001 m/day
Poisson’s ratio V= 0.25

Cohesion C= 10 kN/m?

Angle of internal friction ¢ =20°

Dilatancy y =0

Interface reduction factor Rint= 0.5
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|cep gcemenis scg ed up 20.00 1mes)

Figure 10 Plaxis model output of Ground deformation for soft clay E=15MPa

Ground Deformation
x (m) Deformation
(m)

0 0.05

0.5 0.047
1 0.044
15 0.041
2 0.038
2.5 0.036
3 0.033
3.5 0.03

4 0.027
4.5 0.025
5 0.022
5.5 0.019
6 0.017
6.5 0.014
7 0.011
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7.5 0.008
8 0.005
8.5 0.001
9 0
10 0
11 0
12 0
13 0
14 0
15 0

Table 5 Ground deformation for soft clay E=15Mpa

Ground surface setttlementin m

Distance from the wallin m
4 6 8 10 12 14

0.005
0.01

0.015
0.02

0.025

0.03

0.035

0.04

0.045 |
0.05 /

0.055

0.06

Soft soil E=15MPa

Figure 11 Ground deformation for soft soil E=15MPa
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Soft Clay

Case 3

Input Datas

Modulus of elasticity Es = 25MPa
Unsaturated unit weight Yunsat= 16 kN/m3
Saturated unit weight ys.t = 18 kN/m?
Permeability coefficient Kx = ky = 0.001 m/day
Poisson’s ratio V= 0.25

Cohesion C= 10 kN/m?

Angle of internal friction ¢ =20°
Dilatancy y =0

Interface reduction factor Rint= 0.5

£ +F +F +F +F +F +F +F +F ++ +F ++ +F +f

Figure 12 Plaxis model output of Ground deformation for soft clay E=25MPa
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Ground Deformation

0.005
0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.045
0.05

Ground surface settlementin m

x(m) | Deformation
0 0.022
0.5 0.02
1 0.017
1.5 0.014
2 0.011
2.5 0.008
3 0.007
3.5 0.005
4 0.003
4.5 0.001
5 0.0008
5.5 0.0005
6 0.0002
6.5 0.0001
7 0
7.5 0
8 0
8.5 0
9 0
10 0
11 0
12 0
13 0
14 0
15 0

Table 6 Ground deformation for soft clay E=25Mpa

0 +

2

Distance from the wallin m
4 6 8 10 12 14

——s0ft soil E=25MPa

Figure 13 Ground deformation for soft soil E=25MPa
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Stiff Clay

Case 1

Input Datas

Modulus of elasticity E; = 50MPa
Unsaturated unit weight yunsat= 17 kN/m3
Saturated unit weight ysat= 19 kN/m?
Permeability coefficient Kx = ky = 0.01 m/day
Poisson’s ratio V=0.20

Cohesion C=20 kN/m?

Angle of internal friction ¢ =30°
Dilatancy y =0

Interface reduction factor Rint= 0.5

L2 +F +F +F +F +F +F ++ +F ++ +F +F +F s

Deformed Mesh
Exireme 1ozl c=p 2cement 28.68%10 3m

lcerzremenis srz ed un SOLON 1 res)

Figure 14 Plaxis model output of Ground deformation for soft clay E=50MPa
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Ground Deformation

x(m) | Deformation

0 0.017

0.5 0.015

1 0.013

1.5 0.0118

2 0.0103 Distance from the wallin m
55 0.0088 Oq 2 4 6 8 10 12 14
3 0.0076

0.002 -

3.5 0.0063 £

4 0.0052 £ 00047

4.5 0.00425 g 90061

5 0.0034 £ 0.008 - —— stiff clay E=50MPa
5.5 0.003 2 001

6 0.0019 & o012 B

6.5 0.0013 3 oowe B

7 0.0008 3 0016 -

7.5 0.0005 ® s

8 0.0002 St

8.5 0.0001

el 0.00005 Figure 15 Ground deformation for stiff clay E=50Mpa
10 0

11 0

12 0

13 0

14 0

15 0

Table 7 Ground deformation for stiff clay E=50MPa
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Stiff Clay

Case 2

Input Datas

Modulus of elasticity E; = 75MPa
Unsaturated unit weight yunsat= 17 kN/m3
Saturated unit weight ysat= 19 kN/m?
Permeability coefficient Kx = ky = 0.01 m/day
Poisson’s ratio V=0.20

Cohesion C=20 kN/m?

Angle of internal friction ¢ =30°
Dilatancy y =0

Interface reduction factor Rint= 0.5

L
T ++ ++ ++ ++ ++ ++ +F ++ ++

Deformed Mesh
Extreme 1oizl ¢ sp ecement 19.13%10 “3m

losp gcemenis scged up 100,00 1 mes)

Figure 16 Plaxis model output of Ground deformation for soft clay E=75MPa
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Ground Deformation

Ground surface settlementin

m
o
3
N O

0.004 -
0.006 -
0.008 -

0.01

0.012
0.014 -

0.016

0.018

0.02

Distance from the wallin m
4 6 8 10 12 14

—— Stiff Clay E=75Mpa

X
(m) Deformation
0 0.016
0.5 0.014
1 0.0118
1.5 0.01
2 0.009
2.5 0.0083
3 0.0071
3.5 0.0059
4 0.0049
4.5 0.004
5 0.0032
5.5 0.0024
6 0.0017
6.5 0.0012
7 0.0008
7.5 0.0004
8 0.0002
8.5 0.00009
9 0.00004
10 0

11 0

12 0

13 0

14 0

15 0

Table 8 Ground deformation for stiff clay E=75MPa

Figure 17 Ground deformation for stiff clay E=75MPa
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Stiff Clay

Case 3

Input Datas

Modulus of elasticity Es = 100MPa
Unsaturated unit weight yunsat= 17 kN/m3
Saturated unit weight ys:= 19 kN/m3
Permeability coefficient Kx = ky= 0.01 m/day
Poisson’s ratio V=0.20

Cohesion C= 20 kN/m?

Angle of internal friction ¢ =30°

Dilatancy y =0

Interface reduction factor Rint= 0.5

= +F +F +F +F +F +F +F +F +F +F + +F +f

Deformed Mesh
Exirere {olzl czp zcement 14.34%10 “3m

{cspecemenis scz ed up 100.00 imes)

Figure 18 Plaxis model output of Ground deformation for soft clay E=100MPa
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Ground Deformation

x (m) | Deformation
0 0.006
0.5 0.0053
1 0.0047
1.5 0.0041 - -
2 0.0035 . 2Dlstj:m:e ;rom ;he u:;u mlr;. y
2.5 0.0029 Bl
3 0.0025 £ 0002 -
3.5 0.002 =
= 0.004 -
4 0.0017 5
4.5 0.0013 £ 0.006 I i ! } I i !
: : P 0008 Fooeohr —— Stiff clay E=100MPa
5 0.001 5 SEssssssss gEEEssesst
“ 0,01
5.5 0.0007 S .
6 0.00075 B
v 0.014
6.5 0.0005 T
7 0.00033 g 9016
7.5 0.00018 © 0.018 1
8 0.0001 0.02
8.5 0 _ . .
9 0 Figure 19 Ground deformation stiff clay E=100Mpa
10 0
11 0
12 0
13 0
14 0
15 0

Table 9 Ground deformation for stiff clay E=100MPa
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Medium dense Sand

Case 1

Input Datas

Modulus of elasticity E; = 50MPa
Unsaturated unit weight yunsat= 18 kN/m3
Saturated unit weight ysat= 20 kN/m?
Permeability coefficient Kx = ky= 1 m/day
Poisson’s ratio V=0.30

Cohesion C= 2 kN/m?

Angle of internal friction ¢ =35°
Dilatancy y =2

Interface reduction factor Rint= 0.67

L
= +F +F + +F +F +F +F +F

Deformed Mesh

Extreme 1oizl ¢ sp acement 33.88%10 3m

{cspzcemenis scz edup 50,00 1mes)

Figure 20 Plaxis model output of Ground deformation for soft clay E=50MPa
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Ground Deformation

X

(m) Deformation
0 0.026
0.5 0.023
1 0.021
1.5 0.018
2 0.016
2.5 0.015
3 0.013
3.5 0.01
4 0.0094
4.5 0.0078
5 0.0065
5.5 0.0053
6 0.0042
6.5 0.0032
7 0.0023
7.5 0.0016
8 0.001
8.5 0.0006
9 0.00026
10 0.0001
11 0
12 0
13 0
14 0
15 0

Table 10 Ground deformation for sand E=50MPa

0.01

0.02

0.026

Ground surface settlement

0.03

O 1
0.002 -
E 0.004 -
0.006 -
0.008 -

0.012
0.014 -
0.016
0.018

0.022
0.024 -

0.028

Distance from the wallin m
4 6 8 10 12 14

Sand E=50MPa

Figure 21 Ground deformation for sand E=50MPa

AAIT

Page 34



Deformation Prediction of ground near deep excavation using FEM & Hand calculation

Medium dense Sand

Case 2

Input Datas

Modulus of elasticity E; = 65MPa
Unsaturated unit weight yunsat= 18 kN/m3
Saturated unit weight ysat= 20 kN/m?
Permeability coefficient kx = ky= 1 m/day
Poisson’s ratio V=0.30

Cohesion C= 2 kN/m?

Angle of internal friction ¢ =35°
Dilatancy y =2

Interface reduction factor Rint= 0.67

L
= ++ ++ +F + + +F + +

Delormed Mesh
Exireme folgl c spgcement 21.26%10 3m

|cspecemenis scg'ed up 100.00 1mes)

Figure 21 Plaxis model output of Ground deformation for soft clay E=z65MPa
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Ground Deformation

Ground surface settlementin m

X
(m) Deformation
0 0.022
0.5 0.02
1 0.019
1.5 0.016
2 0.014
2.5 0.012
3 0.011
3.5 0.0093
4 0.0079
4.5 0.0065
5 0.0055
5.5 0.0044
6 0.0035
6.5 0.0027
7 0.0019
7.5 0.0014
8 0.0009
8.5 0.0005
9 0.0002
10 0
11 0
12 0
13 0
14 0
15 0

Table 11 Ground deformation for sand E=65Mpa

Distance from the wallin m

0 4 6 8 10 12 14
RS < R
EEESsss-.fssssit =2
A
A/ |
A

= —— __ =

Sand E=65MPa

Figure 22 Ground deformation for sand E=65MPa
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Medium dense Sand

Case 3

Input Datas

Modulus of elasticity E; = 81MPa
Unsaturated unit weight yunsat= 18 kN/m3
Saturated unit weight ysat= 20 kN/m?
Permeability coefficient kx = ky= 1 m/day
Poisson’s ratio V=0.30

Cohesion C=2 kN/m?3

Angle of internal friction ¢ =35°
Dilatancy y =2

Interface reduction factor Rint= 0.67

N

+F -+

Deformed Mesh

Exireme lolzl ¢ sp zcement 17.07*10 -3m

loepzcements scz ed up 100,00 fmes)

Figure 23 Plaxis model output of Ground deformation for soft clay E=81MPa
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Ground Deformation

Table 12 Ground deformation for sand E=81MPa

x(m) | Deformation
0 0.012
0.5 0.01
1 0.009
1.5 0.0079 - -
2 0.0067 . ) Dls:ance;rom ;he w::-: in nl-n2 y
2.5 0.0056 0 4
3 0.0047 £ 0.002 -
3.5 0.0038 e 0.004 -
= 0.006 -
4 0.003 g 0.008 -
0.01 -
2 0.0023 £ 0012 sand E= 81MPa
5.5 0.0012 § 88%2 i
b o I
6 0.00075 3 002 -
6.5 0.00042 2 0.0242l :
7 0.00019 8 ot ]
5 0.
7.5 0.00005 0.028 -
8 0 0.03 -
8.5 0
9 0 Figure 24 Ground deformation for sand E=81MPa
10 0
11 0
12 0
13 0
14 0
15 0
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4.3. Hand Calculation Methods

There are empirical formulas to predict ground surface settlement and the characteristics of
soil movement. Many empirical formulas have been proposed but on this paper we only use
the three most well-known ones.

4.3.1 Peck’s method

Peck (1969b) was the first to propose a method to predict excavation-induced ground surface
settlement, based on field observations. He mainly employed the monitoring results of case
histories in Chicago and Oslo and established the relation curves between the ground surface

settlement and the distance from the wall for three types of soil which are Soft clay, Stiff clay
and Sand.

Basically, the curves derived from Peck’s method are envelopes. Since Peck’s method is the first
to derive an empirical formula to predict the ground surface settlement induced by excavation
and is simple to apply, it is still used by some engineers.

dec (%)
0.0 1.0 2.0 3.0 4.0

0 | | |

Figure 25 Peck's method for estimating ground surface settlement
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Case 1 For Stiff clay Settlement envelope

He 8.5 m
d (cm) d/He dv/He
0 0 1
4.25 0.5 0.75
8.5 1 0.5
12.75 15 0.25
17 2 0

Table 13 Peck's method for stiff clay settlement envelope

Case 2 For Sand Settlement envelope

He 8.5 m
d (cm) d/He dv/He
0 0 2
8.5 1 1.5
17 2 1
25.5 3 0.5
34 4 0

Table 14 Peck's method for sand settlement envelope

Sv/He (%)

= Stiff clay

=—Sand

Figure 26 Peck's method for estimation of ground surface settlement
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4.3.2 Bowles’s method

Lateral wall deflection————

Excavation surface

Figure 27 Bowles's method for estimating ground surface settlement

Case 1 Soft clay

Calculation of the area of the lateral wall deflection (ad) from Plaxis software results

ad= 0.27 m2
Estimate the influence range of ground surface settlement (D) ff Capse's method
D= He+Hd tan (45-f/2)
D 18.65 m
Where Height of excavation He= 8.5 m
Width of excavation Hd = 21.42m
Angle of internal frictionf= 20°

Estimate the maximum ground surface settlement dvm
dvm= 4ad/D

Dvm = 0.082 m

Ground surface settlement at any point is given by dv = dvm (IX/D) 2
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Ix Ix/D (Ix/D)? dv
0 1.00 1.00 0.058
2 0.89 0.80 0.046
4 0.79 0.62 0.036
6 0.68 0.46 0.027
8 0.57 0.33 0.019
10 0.46 0.22 0.012
12 0.36 0.13 0.007
14 0.25 0.06 0.004
16 0.14 0.02 0.001
18.65 0.00 0.00 0.000

Table 15 Bowles's method for soft clay soil settlement envelope

Ix
0O 2 4 6 8 10 12 14 16 18

0.000

0.010

0.020
= Soft clay ground

settlement

0.030

ov

0.040

0.050

0.060

0.070

Figure 28 Bowles’s method estimation of ground surface settlement for soft clay
Case 2 Stiff clay

Calculation of the area of the lateral wall deflection from Plaxis software results
ad= 0.13m2

Estimate the influence range of ground surface settlement (D) ff Capse's method

D= He+ Hgtan (45-f/2)

D= 22.60 m

Where He= 85m
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Estimate the maximum ground surface settlement dvm

dvm=

Hd

f

4ad/D

0.5Btan(45+f/2)=

20°

dvm= 0.023 m

dv= dvm (IX/D)2
Ix Ix/D (Ix/D)? dv
0 0.92 0.85 0.020
2 0.83 0.69 0.016
4 0.74 0.55 0.013
6 0.66 0.43 0.010
8 0.57 0.32 0.007
10 0.48 0.23 0.005
12 0.39 0.15 0.003
14 0.30 0.09 0.002
16 0.21 0.05 0.001
18 0.12 0.02 0.000
20.81 0.00 0.00 0.000

Table 16 Bowles's method for stiff clay settlement envelope

0.000

0.005

ov

0.015

0.020

0.025

0 2 4 6 8 10 12 14 16 18 20

Ix

— stiff clay ground
settlement

Figure 29 Bowels’ method estimation of ground surface settlement for stiff clay
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Case 3 sand

Calculation of the area of the lateral wall deflection from Plaxis software results
ad= 0.17 m2

Estimate the influence range of ground surface settlement (D) ff Capse's method

D= He+Hd tan (45-f/2)
D= 2340 m
Where He= 85m
Hd =  0.5Btan(45+f/2)= 28.81m

f 20°
Estimate the maximum ground surface settlement dvm
dvm= 4ad/D
dvm 0.029 m

dv= dvm (IX/D)2

Ix Ix/D (Ix/D)? dv
0 0.95 0.90 0.026
2 0.86 0.74 0.022
4 0.78 0.60 0.017
6 0.69 0.48 0.014
8 0.60 0.37 0.011
10 0.52 0.27 0.008
12 0.43 0.19 0.005
14 0.35 0.12 0.004
16 0.26 0.07 0.002
18 0.18 0.03 0.001
22.15 0.00 0.00 0.000

Table 17 Bowles's method for Sand settlement envelope
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0.000

0.010

0.020

0.030

8 10 12 14 16 18 20

- | I
@ 0.015 +HHHE

= Sand ground
settlement

0.025 LA A T

Figure 30 Bowles’s method estimation of ground surface settlement for sand

4.3.3 Clough and O’Rourke’s method
Clough and O’Rourke (1990) proposed various types of envelopes of excavation induced ground
surface settlements for different soils on the basis of case studies. According to their studies,

excavation in sand or stiff clay will tend to produce triangular ground surface settlement. The

maximum settlement will be found near the retaining wall. The envelopes of ground surface

settlement are shown in Fig below whose influence ranges from 2H. to 3He where He is the final

excavation depth. Excavation in soft to medium clay will produce a trapezoidal envelope of

ground surface settlement. The maximum ground surface settlement occurs in the range of
0 < d/He < 0.75 while 0.75 < d/He < 2.0 is the transition zone where settlement decreases from

the largest to almost none.

For Sand Settlement envelope

Height of excavation He =8.5m

d d/He dv/dvm
0 0 1
425 0.5 0.75
8.5 1 0.5
12.75 15 0.25
17 2 0

Table 18 Clough and O’Rourke’s method for sand settlement envelope
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1.2

d/He

sand settlement

envelope

Figure 31 Clough and O’Rourke’s method estimation of ground surface settlement for sand

For Stiff clay Settlement envelope

Height of excavation He = 8.5 m

d d/He Ov/dvm
0 0 1
4.25 0.5 0.83
8.5 1 0.67
12.75 1.5 0.5
17 2 0.33
21.25 2.5 0.17
25.5 3 0

Table 19 Clough and O’Rourke’s method for stiff clay settlement envelope
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1.2

— Stiff clay settlement
envelope

Figure 32 Clough and O’Rourke’s method estimation of ground surface settlement for stiff clay

For Soft clay Settlement envelope

He 8.5 m

d d/He Ov/dvm

0 0 1
4.25 0.5 1
6.375 0.75 1

8.5 1 0.67
12.75 15 0.33

17 2 0

Table 20 Clough and O’Rourke’s method for soft clay settlement envelope
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0.5

1

d/He
15 2 25

— soft clay settlement
envelope

Figure 33 Clough and O’Rourke’s method estimation of ground surface settlement for soft clay
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5. DISSCUSSION
For the analysis done by the PLAXIS software and Hand calculation methods the deformation
outputs for the three soil types can be summarized and discussed as follows:

Case 1 soft clay

Distance from the wallin m
0 2 4 6 8 10 12 14

0.005 -
0.01 -
0.015 -
0.02 -
0.025 -
0.03 -
0.035 -
0.04 -
0.045 -
0.05 -
0.055 -

Ground surface setttlementin m

o
&

(a)

0.000

0.010 - ! ﬁ f i : /
0020 H=H———— / essssscs
om0 Lo e
0040 He e
oo [T

0.060

0.070

(b)
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d/He (%)
0 1 2 3 4

= Stiff clay
Sand

(c)

d/He

19 [ [ ! [ I —

Figure 34 Estimation of ground surface settlement for soft clay using (a) Plaxis software (b) Bowles’s method (c) Peck’s
method (d) Clough and O’Rourke’s method

The outputs of the Plaxis software and the hand calculation methods have some variation as
can be seen from the above figures. The Plaxis software outputs are smaller from the rest in
both vertical ground settlement and range of influence or impact as the distance from the wall
with a value of 0.05m and 10m respectively. The Bowels method has a vertical settlement
which is 1.16 times higher than the Plaxis output and the range of influence is 128.6% higher
also. Peck’s method has an output of vertical settlement which is 130% higher and range of
influence 240% higher than Plaxis. Clough and O’Rourke’s method gives a settlement
distribution where the maximum deformation sustains up to 0.75d and then it starts to decline.
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Case 2 Stiff clay

Distance from the wallin m
0 2 4 6 8 10 12 14

0.002
o0 B
0006 e :
0.008 //

001 — :
dio12 B
0.014
0.016 £ —

0.018
0.02

Ground surface settlementin m

(a)

Ix
0 2 4 6 8 10 12 14 16 18 20
f:f.ffff:f.ffffff:f.)—é’.’f’::-”
0,010 EEEEE

\

0.015 it

0.020 /

0.025

(b)
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d/He

3.5

(c)

Figure 35 Estimation of ground surface settlement for soft clay using (a) Plaxis software (b) Bowles’s method (c) Clough and
O’Rourke’s method

The plaxis software gives a vertical ground settlement and range of influence or impact as the
distance from the wall with a value of 0.016m and 8.5m respectively. The Bowels method has a
vertical settlement which is 1.44 times higher than the Plaxis output and the range of influence
is 190% higher also. Peck’s method has an output of vertical settlement which is 193.75%
higher and range of influence of 150% higher than Plaxis. Clough and O’Rourke’s method gives
a settlement distribution where the range of influence or impact as the distance from the wall
reaches up to 3 times the excavation depth.
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Case 3 Medium dense sand
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d/He

2.5

(c)
Figure 36 Estimation of ground surface settlement for soft clay using (a) Bowles’s method (b) Plaxis software (c) Clough and
O’Rourke’s method
The Plaxis software gives a vertical ground settlement and range of influence or impact as the
distance from the wall with a value of 0.022m and 9m respectively. The Bowels method has a
vertical settlement which is 1.3 times higher than the Plaxis output and the range of influence is
230% higher also. Peck’s method has an output of vertical settlement which is 172.75% higher
and range of influence of 283% higher than Plaxis. Clough and O’Rourke’s method gives a
settlement distribution where the range of influence or impact as the distance from the wall
reaches up to 2 times the excavation depth.

The above three cases can be summarized as follows:

Soil type Maximum ground deformation (m)
Bowles’s
PLAXIS method Peck’s method
soft clay 0.05 0.058 0.065
Stiff clay 0.016 0.023 0.031
Medium
dense sand | 0.022 0.029 0.038

Table 19 Comparison of Maximum ground deformation for PLAXIS and Hand calculation methods
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From the table above the results show as that the vertical ground settlement and the
range of impact from the wall obtained by the PLAXIS software is lower as compared to
the Hand calculation methods.
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6. CONCLUSION AND RECOMMENDATION

6.1

Conclusion

The ground deformations around a deep excavation are significantly influenced by the
type of soil. It is important, therefore, to obtain accurate estimates of soil parameters in
order to obtain accurate estimates of ground deformation. Soft clay soil shows more
ground deformation than Stiff clay & medium loose sand.

From the point of view of the hand calculations, which are developed based on many
actual case studies, the Plaxis software underestimates the vertical ground settlement.
This can be due to many reasons which some are the accuracy of the modeling of the
soil and supporting structure (which can have few drawbacks of their own), mesh
coarseness, iterative precision of the software, and the different assumptions taken in
the staged construction process.

Parametric study has also been carried out on elastic modulus to observe its influence
on the overall settlement of the ground surface. As it’s known its increment decreases
the ground settlement, by increasing the stiffness the soil which also decreases the
lateral wall deformation.

6.2 Recommendation

The use of Primary data’s rather than secondary data’s for the analysis process is much helpful

to better understand and improve the conclusions made on these paper. Also using other

software’s to test their outcomes and how it goes with the results that are found here. The

deep excavation & the supporting system have areas left to be further researched and studied.

So other researches on this area can be undertaken such as parametric studies by varying the

embedment depth and also anchor force.
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8. APPENDIX

Appendix 1 PLAXIS MODELS

The Plaxis model used in this paper is an anchored pile type. This model type has $40cm pile
with a spacing of 1.0m. The width of the excavation is 30m but due to its symmetry it’s
modeled as only the half section. It also has an anchor rod with three strands each carrying
85% of their maximum capacity which is 300KN in total.

Ml Ao ien g
::|4 A E |r
::|| 1= F | ||:
o | Be |,:
R [ 11 h141 'L'
o ﬂ@?i@ﬂ °. :
) : ®a Il
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III% ' ++ ++ P
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Figure 37 Soil Model

The final ground surface deformation outputs for the different cases are shown in the analysis section of
this paper but for detail explanation the different stages of deformation for each step can be shown.
Here is one sample for the soft clay case.

Phase 1

- This stage consists of the installation of the pile/plate in to the soil.
- The installation process causes the consolidation of the soil due to the drag force of the
installed pile.
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L +F +F +F +F +F +F ++ +F +F +F +F ++ =t

Deiormed Mesh
Exireme 1ozl c sp acement 23.79%10 -3m

lospecemenis sce ed up 100,00 1mes)

Figure 38 Deformed shape after phase 1

Phase 2

- This phase consists of the excavation of the first layer of the soil which will cause
expansion/dilation of the soil on the excavated part & the deformation on the wall &
ground starts to appear.

= +F -+ ++ +F +F ++ +F +F ++ +F +F +F +F

Deiormed Mesh
Exiremre loizl c sp gcemrent 128.30%10 -3m

lcsp ecemenis scg ed up 10,00 1mes)

Figure 39 Deformed shape after phase 2
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Phase 3

- The installation of the anchor at this stage causes the wall to deflect backwards.

7 |

1t
H

L
= =+ =+ =+ =+ =+ =+ =+ =+ ++ Sl =+ =+

Deformed Mesh
Exirere 1ozl c ep acemrent 140.06=10 -3 m
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Figure 40 Deformed shape after phase 3

Phase 4

-This is the final stage & the wall & the ground deformation can be found. Also other
needed outputs can be presented in graph or table form.

™ +=F +F +=F +F +F +F +F +F +=F +F SEF F +t

Delormed Mesh
Exirere iolzl c sp ecemrent 271.41%10 -3m
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Figure 41 Deformed shape after phase 4 (final deformation)
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