10§lDé‘l_U'éloélD'él_u'élDé‘_Ué‘lo'élD'§l0'§lDé‘D%‘D%‘D%‘D%‘D%‘D%‘D‘X WDH
)

5, i L L ..:-:
et bl b k|
@ ASUNET

datiy bl i gl | it

m-)@(-o,—)&‘o.—)@(..;o-—)@(-:cpw&-c.—)@-m-—)@(qa-)@(—m—)&qo.—)@(qop)&qop)&qo-—
AN AN N NN N AN NEANTAE

¢
%é
?
%é
?
?
?
%é
¢
?
?
%é
?
%é
?
%Ié
?
%Ié




lO%lDé‘_U'éloélD'él_u'élDé‘_Uélo'élD'§l0'§lDé‘D%‘D%‘D%‘D%‘D%‘D%‘D‘X W

A
i
o

datiy bl i gl | it
i '

” s
A
» 4
\Guinl

"“""h.‘

af

ot g

L 4

L

head) oz
wbls

m-)@(-o,—)&‘o.—)@(..;o-—)@(-:c,-)@&-c.—)@-m-—)@(qa-)@(—m—)&qo.—)@(qop)&qop)&qo-—
AN AN N NN N AN NEANTAE

¢
%é
?
%é
?
?
?
%é
¢
?
?
%é
?
%é
?
%Ié
?
%Ié




lO%lDé‘_U'éloélD'él_u'élDé‘_Uélo'élD'§l0'§lDé‘D%‘D%‘D%‘D%‘D%‘D%‘D‘X W

A
i
o

S bt Wi
shoid)
il it ek

@ ASUNET

datiy bl i gl | it

it

=
) odd (s

*d

issh
9 Mol
i il (09 @i

Ny
alf galsadl oan Giss

* & ¢o

&

i
O e

o il Bl o unkitiad ] il
g il

&a‘:?.m

dlg g Sl Guiga
e died

RPN EET DY o
@ ASUNET

Shad) s
~—

m
Y
ﬂ' :
-

m-)@(-o,—)&‘o.—)@(..;o-—)@(-:c,-)@&-c.—)@-m-—)@(qa-)@(—m—)@(qo.—)@(qop)&qop)&qo-—
AN AN N NN N AN NEANTAE

¢
%é
?
%é
?
?
?
%é
¢
?
?
%é
?
%é
?
%Ié
?
%Ié




g
§
§
§
§
§
§
§
;}
§
§
§
§
§
{
§
§
§

P e Ba
! i s La
e bl b k|
@ ASUNET

datiy bl i gl | it

m-)@(-o,—)&‘o.—)@(..;o-—)@(-:c,-)@&-c.—)@-m-—)@(qa-)@(—m—)@(qo.—)@(qop)@o,.-)@(..m—
O EH AT OSSOSO

¢
%é
?
%é
?
?
?
%é
¢
?
?
%é
?
%é
?
%é
?
%é




lO%lDé‘_U'éloélD'él_u'élDé‘_Uélo'élD'§l0'§lDé‘D%‘D%‘D%‘D%‘D%‘D%‘D‘X WDH
)

5, st BB --::_
e bl b k|
@ ASUNET

datiy bl i gl | it

op)ég-op)&m.—)@(qo-—)@(qcp)@&-c.—)@qo-—)@(qnp)@(—.w—)@(qop)@(qop)@l(o,..-)@(qo.-

A

W
AN AN N NN N AN NEANTAE

DélDé‘Dé‘lDéloélnﬂé‘lDé‘lDé‘Déloéloé‘Dé‘Dé‘Dé‘Dé‘Dé‘Dé‘Dé‘D'




Cairo University

NUMERICAL STUDY OF THE INTERACTION
BETWEEN STRUTTED EXCAVATIONS AND
ADJACENT PILES

By

Sara Abd El Hakem Ahmed Ahmed

A Thesis Submitted to the
Faculty of Engineering at Cairo University
In Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE

In

CIVIL ENGINEERING - PUBLIC WORKS

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2021



NUMERICAL STUDY OF THE INTERACTION
BETWEEN STRUTTED EXCAVATIONS AND
ADJACENT PILES

By

Sara Abd El Hakem Ahmed Ahmed

A Thesis Submitted to the
Faculty of Engineering at Cairo University
In Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE

In

CIVIL ENGINEERING - PUBLIC WORKS

Under the Supervision of

Prof. Dr. Mohamed A. EI-Khouly Dr. Asmaa Moddather Hassan
Professor of Geotechnical and Associate Professor of Geotechnical and
Foundations Engineering Foundations Engineering
Public Works Engineering Department Public Works Engineering Department
Cairo University Cairo University

.................................................

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2021



NUMERICAL STUDY OF THE INTERACTION
BETWEEN STRUTTED EXCAVATIONS AND
ADJACENT PILES

By

Sara Abd El Hakem Ahmed Ahmed

A Thesis Submitted to the
Faculty of Engineering at Cairo University
In Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
In

CIVIL ENGINEERING - PUBLIC WORKS

Approved by the Examining Committee

.................................................

Prof. Dr. Mohamed Abdullah EI-Khouly (Thesis Main Advisor)
Prof. Dr. Mohamed Ibrahim Amer (Internal Examiner)
Prof. Dr. Khaled Mohamed El-Zahaby (External Examiner)

Professor of Geotechnical Engineering — HBRC.

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2021



Engineer’s Name: Sara Abd El Hakem Ahmed Ahmed

Date of Birth: 01/05/1991

Nationality: Egyptian

E-mail: sarahakeem91@hotmail.com

Phone: 0111-1444661

Address: 6 October

Registration Date: 01/10/2013.

Awarding Date: 12021

Degree: Master of Science

Department: Civil Engineering - Public Works
Supervisors: Prof. Dr. Mohamed Abdullah EI-Khouly.

Dr. Asmaa Moddather Hassan.

Examiners: Prof. Dr. Mohamed Abdullah EI-Khouly(Thesis Main Advist
Prof. Dr. Muhammad Ibrahim Amer (Internal Examiner)
Prof. Dr. Khaled Mohamed EI-Zahaby (External Examinel
Professor of Geotechnical Engineering — HBRC

Title of Thesis:

Numerical Study of the Interaction between Strutted Excavations and Adjacent Existing
Piles.

Key Words:

Strutted excavation, piles, soft clay, numerical study, PLAXIS 2D

Summary:

This research comprises the use of 2D numerical modeling to evaluate the performance
of strutted excavations and their effect on adjacent existing piles. PLAXIS 2D was
adopted, as a modeling tool, in this research. A verification model was used to validate
the simulation of a documented case study. The simulated case study included the
construction of a cut-and-cover tunnel as part of a new Mass Rapid Transit line in
Singapore. The results of the numerical study were compared to the full-scale field
measurements. Afterward, the analysis was extended to investigate the interaction
between the retaining system and existing piles located behind the retaining wall. A
parametric study was conducted to examine the effect of different parameters, including
excavation depth (H = 4 m to 16 m), retaining wall-length (L = 8 m to 40 m), spacing
between struts (S = 2 m to 4 m), axial loads on pile (N = 0 kN to 1000 kN), and the
horizontal distance between the existing pile and the retaining wall (x = 1.5 m to 40 m).
The structural performance of the retaining wall and adjacent piles are reported in terms
of horizontal displacements and bending moments.


mailto:eng.safwatelrouby@gmail.com

DISCLAIMER

I hereby declare that this thesis is my own original work and that no part of it has been
submitted for a degree qualification at any other university or institute.

I further declare that | have appropriately acknowledged all sources used and have cited
them in the references section.

Name: Sara Abd El Hakem Ahmed Ahmed Date: / /2021

Signature:



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my advisors Dr. Mohamed EIl-Khouly and
Dr. Asmaa Modather for their guidance, support, encouragement, valuable discussions,
and review during the course of this work, and great efforts to accomplish the thesis
objectives.

I would like to acknowledge Eng. Safwat El Rouby for his help and support by providing
the license of the numerical finite element program and his efforts in guidance. Last but not
least, | express my deep gratitude to my father, mother, brothers, sisters, and my dear
husband who are always behind me for the success. | would not have achieved this work
without their help.


https://www.facebook.com/safwat.elrouby.1

Table of Content

(D] IS O I AN 1Y =T |
ACKNOWLEDGEMENTS ..ottt e et e e e e e e e e e s 1
TABLE OF CONTENT ..oeiie ettt e e e e e e e e e e e e e e e e e e e e e e e eaeees 11
LIST OF TABLES ...ttt ettt e e e e e e e e e e eeneeeeaeeennns V
LIST OF FIGURES ... ..o ettt ettt e e e e e e e e VI
NOMENCLATURE ...ttt ettt st e e ettt e e s st e e et eee s e rrreeeseeesrraanns X
F N IS 1 S 2 Xl
CHAPTER 1: INTRODUCGTION . ...cctttii ittt ettt e e e et eee s s s e e s s eeessb s naeeeees 1
1.1. L] N = = R 1
1.2. RESEARCH OBIECTIVES. ..cittitiiiittteteeteteeeeeeeeeeseseseeerteeeeeeeeeeeeeteeserereeen 1
1.3. 1Y | S 0] nT0] 0l c) 2T 1
1.4. THESIS ORGANIZATION ..o e eeeeeeee e 2
CHAPTER 2: LITERATURE REVIEW. ...ttt 3
2.1. INTRODUGCTION ..ttt ittt eeteeetttis s e e e e e teeesstseseesseeesssareseeeseeessbareseseseeessbrnrrreeeees 3
2.2. DEEP EXCAVATIONS IN SOFT CLAY .iiiiiiiieitiiiii e eeteeeein st e e s seeesstsnsssesssesesnnns 3
2.2.1. General Patterns of Ground MOVEMENT.........cvvveeieieee e eeeeeereeeee e 4
2.2.2. Methods for Predicting Movement Induced by Deep Excavation .......... 5
2.2.3. Failure in Supported EXCAVatioNs ...........ccocovvierienienieiieiscsescse e 7
2.2.4. CaSE STUIES ..veeeee ettt ettt et et ettt e e et e e e e e r e e e neeneen 10
2.3. PARAMETERS AFFECTING EXCAVATION-INDUCED DEFORMATIONS ............. 11
2.3.1. Effect of Excavation Depth on Retaining Wall..............ccocooivininenne. 12
2.3.2. Effect of Distance between Pile and Wall on Retaining Wall............... 14
2.3.3. Effect of Wall-Length on Wall and Ground.............ccccceeevveviiiiiiennenne. 16
2.3.4. Effect of Vertical Strut Spacing on Retaining Wall .............cc.cccooenee. 21
2.3.5. Effect of Excavation Depth on Adjacent Piles..........ccccovvveviiiiicnnenne. 22
2.3.6. Effect of Distance from the Pile to the Excavation Face on Adjacent
P e e —— 25
2.3.7. Effect of Spacing between Struts on Adjacent Piles..........c.cccovvvenenne. 27
2.3.8. Effect of Axial Load on Adjacent Pile..........ccccooviiieiniiiiiniicicn 28
CHAPTER 3: NUMERICAL MODEL AND VERIFICATION ..ot 30
3.1. INTRODUCTION . ....ccoiitiiee ettt 30
3.2. GEOTECHNICAL METHODS OF ANALYSIS . oii it ittt 30
3.3. FINITE ELEMENT ANALYSIS 1iitittttiiiiieeetiteettiissieessesesstssansssessssssssisannseessessssnn 31
3.3.1. SOil CoNSLITULIVE IMOTEIS ... ...t 31
3.3.2. Structural Elements and Interface EIements ......ccocvvvvveeeiiiecciveeieeeeeeis 32
3.4. DEEP EXCAVATION VERIFICATION IMODEL.....cccvviiiiiiiiiiiieeeeieeeeeeeeeeeeeeeeee e 32
3.4.1. EXCAVALION DELAIIS. .....coiiiereeit ettt ettt r e e e e e e s e r e s 32
3.4.2. GroUNd CONITIONS ....eeeeeeee ettt et e e e e e e e et e eeeeaaa 33



3.4.3. Diaphragm Wall and Pile ..o 36

3.4.4. Strut CharaCteriStiCS .....uciveiiieiieiie e 37
3.4.5. Model Geometry and Mesh Details .........cccccovveieiiiieviecc e 37
3.4.6. CONSLIUCLION STAQES.....vecveereiieeeeite sttt ste et sre et ens 39
3.5. OUTPUT AND MODEL VERIFICATION ....ccitiieitieesiieeesiieeesineeessneeesssesssssessseeens 47
CHAPTER 4: RESULTS AND ANALYSIS ... 49
4.1. INTRODUCTION . ...ttttttitttite e e sitiee e e ssittee e s e it e e e s st e e s s snbbe e e s e sbn e e e s snsaneeesnnnbeeeesnnnes 49
4.2. PARAMETRIC STUDY ..titiiiiiiiiiiiesiitieesiieessiteessireessises e s sisessbnesssnessnsnesnsseeens 49
4.3. RETAINING WALL PERFORMANCE.......citttiiiiiiiiiiessiieessiieessiressssessnssessseesnnns 49
4.3.1. Effect of Excavation Depth........cccocviviiiiiiiii i 50
4.3.2. Effect of Wall-Length ... 55
4.3.3. Effect of Strut SPaCing ......c.cooevveieieiie s 59
4.3.4. Effect of Distance between the Pile and the Retaining Wall................. 65
4.4, PILE PERFORMANCE ....ceiiitiiieesiiiee e e ssiitee e aitae e e st e e e snnssae e e s nnbnaasssnsnneeesnnnneens 68
4.4.1. Effect of Excavation Depth..........ccceoviiiiiiiiieicece e 68
4.4.2. Effect of Distance between Retaining Wall and Pile ...........c..ccccoc..... 71
4.4.3. Effect of Strut SPacing ........cccocveie i 75
4.4.4. Effect of Applied AXial Load...........cccooviiiiiiiiicicce e 80
CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS .......ccoooviiiiiiiiieiienns 82
5.1. INTRODUCTION . ..ttittiteittie e sitee s sitee sttt e s sire et e st e s s bb e st e et e e nbe e e snbe e e snbeeeanneas 82
5.2. SUMMARY ..eeiitieeiitee e st e stte e e stea e e stae e st eeateeesstaeassteeesnteeessaeeeaseeeasneeaseeeanneeens 82
5.3. (701N [0 I U ] [ ] N PSR PRTSROTR 82
5.4. RECOMMENDATIONS FOR FUTURE RESEARCH.......ccciiiiiiiiiiiieeeeniieeee s sniieneeans 84
REFERENGES ...ttt et e e e ne e e anne e 85



Table 2.1:

Table 3.1:
Table 3.2:
Table 3.3:
Table 3.4:
Table 3.5:
Table 3.6:
Table 4.1:
Table 4.2:

List of Tables

Factors affecting the performance of supported excavations (after Mana,

KR4 ) OO 4
Soil Young's Modulus Assumed in the Five TrialS.........ccccccovovniininieninnnnn, 35
Summary of the Soil Input Parameters. ..........ccoveieeie i 36
Properties of the Diaphragm Wall............cccoovoi i, 37
Properties 0f the PHlE. ..o 37
Properties 0f the SErUL..........c.cooiiiiiiee e 37
Summary of the Defined Construction Stages. .........ccccvevvevvereiieseese e 40
Input Parameters for the Soft Clay and Old Alluvium Il Materials. ............. 49
Details of the Conducted Parametric Study. ..........ccooereriieninininiccee, 49



List of Figures

Figure 2.1: Typical Profiles of Movement for Braced and Tied-Back Wall; a)
Cantilever, b) Single Strut, and c) Double Strut. (Modified after Clough

and O'ROUIKE,1990) ......coviiiieiiieie et 5
Figure 2.2: Types of Ground Surface Settlements. (Hsieh and Ou, 1998)..........c.ccccueeee. 5
Figure 2.3: Design Curves for Maximum Lateral Wall Movement for Excavation in
Soft to Medium Clays. (Clough and O'Rourke, 1990).......ccccccecvvivevivenenne. 8

Figure 2.4: Ground Settlement for Different Soil behind Excavation. (Peck, 1969) ....... 8
Figure 2.5: Design Charts for Estimating the Profile of Surface Settlement adjacent to

Excavation in Different Soil Types. (Clough and O’Rourke, 1990)........... 9
Figure 2.6: Common Types of Failures in Supported Excavations. (Kempert, 2006).....9
Figure 2.7: Summary of Measured Settlement Adjacent to Excavation in Soft to

Medium Stiff Clay. (Clough and O'Rourke, 1990) .........cccoevvvvvininennne 10
Figure 2.8: Summary of Measured Settlements Adjacent to Excavations in Stiff to Hard
Clay. (Clough and O'Rourke, 1990)........ccccieiiieiieiie e 11
Figure 2.9: Variation of Normalized Maximum Horizontal Displacement with System
Stiffness, (Moormann, 2004). .......cccovueiveieiiie e 12
Figure 2.10: Effect of Excavation Depth on Wall Deformation Profile. (Hashash and
WNHIEEIE, 1996) ... e 13
Figure 2.11: Relationship between Location of Maximum Lateral Wall Deflection and
Excavation Depth. (Liu et al., 2011). .....ccccoviiiiiiieeeee e, 13
Figure 2.12: Lateral Wall and Soil Movement. (Poulos and Chen, 1997) ..........cc........ 14
Figure 2.13: Maximum Lateral Soil Movement Verses Distance from Excavation Face.
(Poulos and Chen, 1997) .....ccvciieeceeceee s 15

Figure 2.14: Effect of the Presence of Pile on Interaction of Pile-Tunneling; (a) Lateral
Soil Movement, and (b) Bending Moment. (Mroueh and Shahrour, 1999)

................................................................................................................... 15
Figure 2.15: Effect of Wall-Length Maximum Bending Moment and Deflections of
Wall and Ground Movements. (Hashash and Whittle, 1996) ................... 16
Figure 2.16: Effect of Wall-Length on Lateral Deflections and Surface Settlements for
OCR = 1.0 Clay Profile. (Hashash and Whittle, 1996)..........cccccceevrueneenn 18
Figure 2.17: Effect of Wall-Length on Lateral Deflections of Wall. (Jen, 1998) .......... 19
Figure 2.18: Effect of Wall-Length on Moment Distribution H = 2.5 m to 12.5 m. (Jen,
F998) ..ttt e et 19
Figure 2.19: Effect of Wall-Length on Moment Distribution H = 12.5 m to 17.5 m.
(JEN, 1998) ...t 20
Figure 2.20 Deflection Profiles of Diaphragm Walls with Different Wall Lengths
Embedded in Soft Soil. (Lam, 2010) .......ccooviriiieieie e 20
Figure 2.21: Comparative of System Stiffness for Braced Wall Deflection of Two Case
Histories in Soft Clay. (Clough and O'Rourke, 1990) ........ccccccceevvevinenee. 21

Vi



