STATIC AND DYNAMIC PROPERTIES OF MUNICIPAL SOLID
WASTE FROM WASTE DUMPS AT DELHI

B. JANAKI RAMAIAH

DEPARTMENT OF CIVIL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI



©Indian Institute of Technology Delhi (11'TD), New Delhi, 2017



STATIC AND DYNAMIC PROPERTIES OF MUNICIPAL SOLID
WASTE FROM WASTE DUMPS AT DELHI

by

B. JANAKI RAMAIAH

DEPARTMENT OF CIVIL ENGINEERING

Submitted

in fulfillment of the requirement of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELH
May 2017



This thesis is dedicated to the
Knowledge feet of
SHRI LORD UMAMAHESWARA
&
My Father
LATE. SHRI. B. PRATHAPUDU



CERTIFICATE

This is to certify that the thesis entitled “Static and Dynamic Properties of Municipal
Solid Waste from Waste Dumps at Delhi” being submitted by B. Janaki Ramaiah to
the Indian Institute of Technology, Delhi for the award of degree of Doctor of
Philosophy is a bonafide record of research work carried out by him under my
supervision and guidance. The thesis work, in my opinion, has reached the requisite

standard fulfilling the requirement for the degree of Doctor of Philosophy.

The results contained in this thesis have not been submitted, in part or full, to any other

University or Institute for the award of any degree or diploma.

(G. V. Ramana)

Professor

Department of Civil Engineering
Indian Institute of Technology Delhi
HauzKhas, New Delhi — 110 016

India



ACKNOWLEDGEMENTS

At the outset, | express my indebtness to the Almighty Lord UMAMAHESWARA who

has bestowed upon me His blessings to enable me to accomplish this work.

I express my sincere gratitude and a great deal of indebtness to my supervisor
Prof. G. V. Ramana for his invaluable guidance, unconditional support, patience and
encouragement at every stage of this research work. | thank him for providing me an
opportunity to work with him (M. Tech and PhD) and for having confidence on me in
accomplishing the objectives of this research work. He always encouraged me to think
laterally, understand the physics of the problem and provide solutions from engineering
perspective. He is a great teacher and an inspiring personality for me in every aspect. The
knowledge and experience that | have gained working with him on the present research
topic as well as the consultancy assignments that | assisted him will forever be valuable
and a great experience. | gratefully acknowledge his generous support both professionally
and personally. 1 am sure these few words of acknowledgement can not adequately

express my indebtness to him.

The permission and logistic support from the Municipal Corporation of Delhi during field
testing at MSW dumps is specially acknowledged. A comprehensive work of this kind
would have not been possible with out the financial support from the Ministry of Earth
Sciences, Govt. of India through the research project (MoES/P.O.(Seismo)/1(88)/2010).

Their generous support and encouragement for this work is gratefully appreciated.

The time | had spent at IIT Delhi has been fruitful and enriching both professionally and
personally. Thanks to the Institute for providing excellent academic environment, access

to innumerable research articles, conference proceedings and text books, advanced



laboratory testing and computational facilities which are all of great help during the

course of this work.

I wish to express my thanks to Prof. Ashok Gupta, Prof. J. T. Shahu and Prof. S. P. Singh,
the members of Student Research Committee, for sparing their valuable time, reviewing
my thesis work and providing valuable suggestions. | gratefully acknowledge Prof. Manoj
Datta, head of the department for his interest in my work and valuable suggestions during

the course of the work.

Thanks are due to Prof. Edward Kavazanjian, Arizona State University, USA for his
interest in my work, valuable inputs as well as generously sharing the shear wave velocity
(Vs) data of MSW landfills in USA and for the collaboration to develop an empirical
model for Vs of MSW. | also acknowledge M/S Geosyntec Consultants, USA for

providing me access to the Vs data of MSW at Cherry Island landfill, USA.

I would like to acknowledge M/S Keller Ground Engineering India Pwvt. Ltd.
(www.kellerindia.com) for their support with the CPT testing for the present study. | owe
a big thank you to Prof. S. L. Machado and Dr. M. Karimpour-Fard of Federal University
of Bahia, Brazil; Prof. M. L. Lopes and Dr. C. Gomes of University of Porto, Portugal,
and Prof. Timothy Townsend and Mr. Tobin McKnight of University of Florida, USA for
their generous sharing of the digital data of cone penetration tests (CPTs) conducted at
MSW landfills at Brazil, Portugal and USA which enabled the author for a
comprehensive comparison of CPT data of MSW from different countries. | wish to
express my thanks to Prof. P. K. Robertson, Gregg Drilling & Testing Inc., USA for

providing valuable inputs on the CPT data of MSW from this study.



Sincere thanks to Department of Science and Technology, Govt. of India for their
encouragement and financial assistance under the ‘International Travel Support’ scheme
that enabled me to attend and present the research paper on CPT at MSW landfills, which
in turn provided me an opportunity to hear interesting lectures from eminent speakers as

well as to interact and exchange ideas with fellow researchers from around the world.

Thanks to Google Translate — an online tool for language translation that was very helpful
in reading and understanding the MS and PhD thesis and research articles available in

languages other than English (Chinese, Hungary and Portuguese).

Thanks to International Waste Working Group organization (www.iwwg.eu) for readily
sharing the requested articles (particularly old articles) published in Sardinia — a dedicated
symposium on solid waste management. These articles were of great help in making the

state-of-the-art literature review.

Thanks to my seniors: Dr. Hanumathrao, Dr. Ravi Shankar Jakka, Dr. Yoseph Birru and
Dr. Altaf Usmani for their guidance and moral support. Special thanks to Dr.
Hanumanthrao for the efforts and energy he had spent in setting up the cyclic triaxial
machine as well as the SASW equipment during his doctoral work from which | have
been benefitted in using these facilities. Thanks to my friends and colleagues: Dr. P. S.
Prasad, Dr. Sumanth, Dr. Amith Rati, Mr. Sravan Kumar Gara, Miss Ali Pant, Mr.
Aditya Singh, Mr. Ankesh Kumar, Dr. Bharanidhar and others for the time we had spent

in exchanging thoughts and cracking jokes.

Last but not least and more importantly, 1 am very much grateful and indebted to my
parents for their unconditional love, affection and support since | opened my eyes. | owe

a great deal of gratitude to my wife and the little angel (my stress buster) for their love,



emotional support, patience, understanding and encouragement throughout this work. A
special thank you goes out to my grand mother who has been a constant source of

inspiration. | am sure without their support this thesis could not be completed.

(B. JANAKI RAMAIAH)

Vi



ABSTRACT

Engineering properties of the municipal solid waste (MSW) from waste dumps/landfills
in India is very limited. Static and dynamic properties of emplaced MSW from two dump
sites at Delhi are evaluated. A comprehensive field and large-scale laboratory studies are
conducted on MSW disposed at Ghazipur and Okhla dumps that are in operation for
about 20 to 30 years. Field measurements included: cone penetration tests, shear wave
velocity (Vs) profiles and the unit weight through large test pits at different locations of
these two dumps. Composition, physical properties and a detailed mechanical

characterization of the collected MSW samples were carried out in the laboratory.

Mechanical characterization includes: the evaluation of compressibility parameters, shear
strength under both drained and undrained conditions, and strain dependent modulus
reduction and material damping ratio curves. The above engineering properties of MSW
are evaluated using the: (i) large direct shear (DS) apparatus and (ii) large-scale static-
cum-cyclic triaxial (TX) apparatus. The size of the specimen tested in DS apparatus is
304.8 x 304.8 x 203.2 mm and that in monotonic and cyclic triaxial testing is 150 mm in
diameter and 300-306 mm in height. Composition analysis revealed that the soil-like or
soil-sized (<20 mm) and gravel sized fractions dominated the composition by dry weight

near the surface at these two dumps.

Cone penetration tests with pore pressure measurement (CPTu) are conducted to assess
the in-situ soil behavior type (SBT) and to capture the existence and nature of leachate at
these two dumps which are very crucial for stability assessment. The CPT data of MSW
reported from different countries is collected and observed that most frequent SBT of

MSW is similar to that of sandy silt and silty sand type soils.
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Shear wave velocity was measured in-situ using the SASW, MASW and MAM
techniques at Ghazipur and Okhla dumps. The Vs at both the dumps increased with depth.
Measured Vs profiles are compared with the data reported for MSW from different
countries. A large database of in-situ Vs of MSW landfills reported till date in the
literature is collected and a simple and ready-to-use linear model for the variation of Vs

with depth is proposed for preliminary use.

Large-scale one-dimensional (1D) mechanical compression tests conducted in a large DS
box indicated that the MSW at these two dumps exhibited low compressibility which can
be attributed to relatively low quantities of compressible elements such as plastics, rubber

and paper coupled with high fractions of soil-like materials and gravel sized materials.

Shear strength of MSW under drained conditions is evaluated using DS shear apparatus
as well as TX apparatus. Over 49 DS tests and 30 drained triaixal compression (TXC)
tests are conducted to investigate the effect of composition or fiber content, age,
confining pressure or normal stress and density on the shear strength of MSW. The role or
importance of fibrous materials on the mobilized shear strength in DS and TXC testing is
discussed. The MSW collected from the dump sites did not exhibit a definite peak value
representing failure stress both in DS and TXC tests. Hence, strain or displacement
dependent shear strength parameters are presented and use of these parameters in the
stability assessment of the dumps is discussed. The obtained shear strength parameters are

compared with the published data reported for MSW from different countries.

The undrained response of MSW is studied through consolidated undrained TXC tests.
Striking similarities between MSW and fibrous peats related to the effect of fibrous
materials on the excess pore pressure behavior during undrained tests as well as the cross-

anisotropic behavior are presented. A large database on mobilized shear strength of MSW
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reported from 43 waste dumps/ landfills located in 19 different countries is collected and
a simple linear model for shear strength of MSW is proposed for preliminary engineering

analysis.

Over 100 strain-controlled CTX tests under undrained conditions are conducted to
develop the modulus reduction (G/Gnax) and material damping ratio (4) curves for MSW
at these two dumps. Effect of composition or fiber content, age, confining pressure and
loading frequency on the stiffness and damping behavior of MSW is also investigated.
The G/Gnax and A curves obtained from this study are in good agreement with the data

reported for MSW in the literature.

One-dimensional seismic response analyses of Ghazipur and Okhla dumps were carried
out for the postulated seismic events. Results of the analyses revealed the amplification
potential of solid waste, which needs to be taken into account during the design of a final
cover system. Stability assessment of critical cross sections at Ghazipur and Okhla dumps
under static and seismic loading is carried out and seismically induced permanent
deformations are computed using the standard Newmark sliding-block approach. Results
indicated that the slopes of these two dumps are currently stable under the existing

conditions.

Finally, conclusions from the current work are presented, limitations are highlighted and

future research direction to overcome the deficiencies in the current work is suggested.
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HARA # g 59 / Asfthel @ FAIRUITerl 31 He’r (MSW) &I Sofiferafer aqor
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IO T Hedichel AT ST g1 MR 3R 3@ell 9 W fAIT 10 MSW R
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fe-wa-Tsha Aol (TX) a1 STew 3YFRIT A qeqor fohar arm a1 &
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ot & vy fhU Sd § 3R I dw@r Srer § T UATHSSH #T HIH 3R
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g3 U ddd H IEGd 93 $HAe W UH-IARET (1ID) AbfAed ddisa
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AT § St T conrfeee, W8 3N F0reT S SifFaeiael dedl @l 398Tehd HH
AET & faU [SFAGR SgIrT ST Fahdl & fAET SiEr ardel 3R Sl 3R 6r
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faw Rue e v snest & @y 3 g@asia g

MR AR 3@err 29 & weh-feada shdr gfafshar &1 fagwor famar amr
HepT T3t & fau frar arr arl fFdwor & aRumA! F o =R gade
&TACT T Gorrdr T, 98 3w waX e & 3o & SR e & w@rn
ST =Tl MY 3R 3@em Svq # f&w 3N sdg oifser # #geayol
i Y & [T 3HTehelel fham STl § 3R AT =gaAmh hae-selleh




TIEIOT T IUANT ik hUT IRA TURN fapfazt v aowem & S &
qRoTH geffcd § o #Hisper ar Uil & goret adae # & €

3 A, gIAH HE & ARy GEd U S €, AT IAER E S § 3R
qOA B B AT B gT el b [T HAST B ITHUT e HT g
feam e g



TABLE OF CONTENTS

CERTIFIC ATE o e e i
ACKNOWLEDGEMENTS ... il
AB S T R A C T e vii
TABLE OF CONTENTS .o e Xi
LIST OF FIGURES ... Xix
LIST OF TABLES ... i e e XXXV
N O T AT ION S o e e e e e e el XXXVii
CHAPTER 1 INTRODUCTION ...t 1
1.1  INTRODUCTION AND BACKGROUND ......ccccoiiiiiiiiiiiiiiiiiiiiea, 1
1.2 OBJECTIVES OF THE RESEARCH WORK .......c.coiiiiiiiiiiiiiiiine, 5
1.3 METHODOLOGY ...uiniiiiiiiitie e e e 8
1.4  ORGANIZATION OF THE THESIS ..o 10
CHAPTER 2 LITERATURE REVIEW ... ..o 11
2.1 INTRODUCTION ...ttt 11
2.2 UNIT WEIGHT ...t 11
2.3 MECHANICAL COMPRESSIBILITY ....ouiniiiiiiiiieeie e 15
2.3.1 IMMEDIATE COMPRESSION OR PRIMARY COMPRESSION ..........cccocennen 19

2.4 CONSTITUTIVE BEHAVIOR AND SHEAR STRENGTH ....................... 21
2.4.1 GENERAL OBSERVATIONS .....uiuiiiiiiiititiitiii ittt eeeeeiieee e 26
24.1.1 Measurement Technique ..............cooiiiiiiiiiiiiiiiian... 26

2.4.1.2  SPECIMEN SIZ@ ..uviiniitianieteat et eee e 26

2.4.1.3 Intact versus Reconstituted Specimens .......................... 26

xi



24.14

24.1.5

24.1.6

24.1.7

24.1.8

24.1.9

2.1.1.10

2.1.1.11

Maximum Particle Size ............cooviiiiiiiiiii
Stress-strain Behavior .............coooiiii
Poisson’s Ratio and Coefficient of Earth Pressure at Rest .....
Effect of Age or Degradation ................coooviiiiiiiiinni
Effect of Normal Stress .........cocovviiiiiiiiiiiiiiiiiiiiia,
Effect of Loading Rate ..............c.ocooiiiiiiiiiiiiiiinn,
Shear Strength Parameters ............c..coovviiiiiiiiiiiinn

Anisotropic Behavior .............cooiiiiiii

2.4.2 EMPIRICAL SHEAR STRENGTH ENVELOP ....uiiiieetiiee i,

2.5 SMALL STRAIN SHEAR MODULUS OR SHEAR WAVE VELOCITY .....

2.5.1 METHODS OF MEASURING IN-SITU SHEAR WAVE VELOCITY OF MSW ...

2.5.2 SHEAR WAVE VELOCITY OF MSW FROM FIELD MEASUREMENTS ........

2.5.3 LABORATORY STUDIES ON VsOR G ux OF MSW .. oo,

2.5.4 EMPIRICAL AND SEMI-EMPIRICAL MODELS FOR V{OFMSW ..............

2.6 MODULUS REDUCTION AND MATERIAL DAMPING RATIO .............

2.6.1 G/G,,,x AND A CURVES FROM RECORDED GROUND MOTIONS ..............

2.6.2 G/G,x AND A CURVES FROM LABORATORY TESTING ..........ccovunenn..n.

2.6.3  G/G, iy AND A CURVES FROM IN-SITU TESTING USING MOBILE FIELD

SHAKERS

2.6.4 SUMMARY AND GENERAL OBSERVATIONS ON G/G,..x AND A CURVES

2.7 CONE PENETRATION TEST AT MSW LANDFILLS .............ccoooeat.

2.7.1 INTRODUCTION ...ttt ettt ettt et e e

2.7.2 LITERATURE REVIEW ..ttt e et

2.7.3 GENERAL OBSERVATIONS FROM REVIEW OF CPT AT MSW LANDFILLS ..

2.8 SEISMIC BEHAVIOR AND PERFORMANCE OF MSW LANDFILLS ......

xii

53

55

59

71

73

74

75

76

83

83

87

87

&9

100

102



2.9 SUMMARY AND CONCLUSIONS .. ..o 105

CHAPTER 3 STUDY SITESAND IN-SITUTESTS ..ot 107
3.1 INTRODUCTION ...ttt e e 107
3.2 SELECTED DUMP SITES AND DESCRIPTION .......c.cccoiviiiiiiiiennn. 107
3.2.1 DESCRIPTION COMMON TO BOTH DUMP SITES .........coceiiiiiiiiiinenns 107

3.2.2 THE GHAZIPUR DUMP SITE ..ottt 110

3.2.3 THE OKHLA DUMP SITE ..ottt 114

3.3 IN-SITU TESTS o e 118
3.4 CONE PENETRATION TESTING ...c.oiviniiiiiiiiii e 121
3.4.1 The Equipment and Field Testing ...............ccooiiiiiiiiiiiiiiiiiininn, 121

3.4.2 CPTu AT GHAZIPUR DUMP AND DATA INTERPRETATION ........c.cuennen 123

3.4.3 CPTu AT OKHLA DUMP AND DATA INTERPRETATION .......cccevuvennennnn 133

3.4.4 COMPARISON OF CPT DATA FROM DELHI WITH LITERATURE DATA ...... 142

3.5 SHEAR WAVE VELOCITY MEASUREMENT ...t 156
3.5.1 MEASUREMENT OF V3 USING SASW TECHNIQUE .......covvvviviiiiinnnnnn.. 157
3.5.1.1 Field Testing Procedure ............c.ccooiiiiiiiiiiiiiiiiinn... 157

3.5.1.2 Dispersion Calculation ..............cooviiiiiiiiiiiiiiiiiiinn. 161

3.5.1.3 Inversion Procedure ..............ccoviiiiiiiiiiiiiii e 162

3.5.1.4 Various Impact Sources Adopted .............cooeviiiiiiiiin. 163

3.5.1.5 V; Profiles from SASW Technique ...............cccoiviiiiinie 166

3.5.2 MEASUREMENT OF V3 USING MASW AND MAM TECHNIQUES ............. 169
3.5.2.1 Field Testing and Data Acquisition ...............cccevvevrnennn.n 169

3.5.2.2 Dispersion Calculations and Inversion Analysis ................. 177

3.5.3 MEASURED ¥V, PROFILES AND COMPARISON WITH LITERATURE DATA ... 181

Xiii



3.6 EMPIRICAL MODEL FOR SHEAR WAVE VELOCITY OF MSW ........... 184

3.6.1 DATABASE ..ttt e e e 184
3.6.2  STATISTICAL ANALYSIS AND MODEL .......tiiiiiiiiiiiiiiiiieiiianiennnnns 188
3.7 IN-SITU UNIT WEIGHT AND COLLECTION OF MSW SAMPLES ......... 199
3.8 SUMMARY AND CONCLUSIONS ...ttt 204

CHAPTER 4 PHYSICAL PROPERTIES, MECHANICAL

COMPRESSIBILITY AND SHEAR STRENGTH ................. 207

4.1 INTRODUCTION ...ttt e 207
4.2 COMPOSITION AND PHYSICAL PROPERTIES OF MSW SAMPLES ..... 207
4.2.1  COMPOSITION ANALYSIS .. tuttntinttttetente et eaeene 208

4.2.2  PHYSICAL PROPERTIES ...ttt et e eaeae e 214

4.3 ONE DIMENSIONAL MECHANICAL COMPRESSIBILITY .................. 218
4.3.1 LARGE DIRECT SHEAR APPARATUS ....cuuiniiintitiiitaieniieienieaneennen 219

4.3.2  SPECIMEN PREPARATION ....utiintitittintteiite et et et eaieeeeeaae e 219

4.3.3 MECHANICAL COMPRESSION TESTS AND RESULTS ......ovvviiiininnennnen 223
4.3.3.1 Compressibility Parameters .............c..cooooiiiiiiiiiin 223

4.3.3.2 Unit Weight Profile ... 227

4.4 SHEAR STRENGTH FROM LARGE DIRECT SHEAR TESTING ............ 228
4.4.1 SPECIMEN PREPARATION AND TESTING PROCEDURE ..........c..ccovuueenn.. 229

4.4.2 RESULTS AND DISCUSSION OF DIRECT SHEAR TESTS .......covvvuviniinnen. 235
4.4.2.1 Effect of Composition or Fiber Content .......................... 238

4.42.2 Effect of Age or Degradation ................ocoviiiiiiiiiiiinnn. 240

4.42.3 Effect of Initial Density ............coooviiiiiiiiiiiiii, 241

4.4.2.4 Mobilized Shear Strength Parameters ............................. 242

X1V



4.5 SHEAR STRENGTH FROM LARGE TRIAXIAL COMPRESSION TESTS .. 245

4.5.1 TESTING EQUIPMENT . ...ttt ettt et 246
4.5.2 SPECIMEN PREPARATION ...\ttt et ettt ieaaeeeen 247
4.5.3 TESTING PROCEDURE ....uuittitieett ettt et eees 249

4.54 CONSOLIDATED DRAINED TRIAXIAL COMPRESSION TESTS ...evvvvvvvnennn. 252

4.5.4.1 Effect of Composition or Fiber Content .......................... 252

4.54.2 Effect of Density .......ooovviiiiiiiiiiiiii i 266

4.5.4.3 Mobilized Shear Strength Parameters ............................. 268

4.5.5 (CROSS-ANISOTROPIC BEHAVIOROF MSW ..., 271

5.5.6 CROSS-ANISOTROPIC BEHAVIOR: MSW VERSUS FIBROUS PEAT ........... 273

4.5.7 CONSOLIDATED UNDRAINED TRIAXIAL COMPRESSION TESTS ............. 276
4.5.7.1 Undrained Behavior: MSW versus Fibrous Peat ................. 285

4.5.7.2 Mobilized Shear Strength Parameters from CU Tests ........... 288

4.6 SHEAR STRENGTH FROM CPT DATA ..o, 298
4.7 EMPIRICAL SHEAR STRENGTH ENVELOP FOR MSW .................... 300
4.8 SUMMARY AND CONCLUSIONS ... 308

CHAPTERS DYNAMIC PROPERTIES AND ONE DIMENSIONAL

SEISMIC RESPONSE ANALYSIS ..., 313

5.1 INTRODUCTION ...ttt e e e e e e e 313
5.2 CYCLIC TRIAXIAL TESTING ....utiiiiiiiiii e e e 314
5.2.1 TESTING PROCEDURE ......utiuuitinttiiiiit ittt eeee e 314

5.2.2 DATA CALCULATIONS ...tutttttttnttean et et e e e e e eeeees 316

5.2.3 RESULTS AND DISCUSSION ...\ttt eeiaeeaaees 322
5.2.3.1 Effect of Composition or Finer Content and Age ............... 322

XV



5.2.3.2 Effect of Confining Pressure .............cccoooiiiiiiiiiiinnn... 328

5.2.3.3 Effect of Loading Frequency .............coovviiiiiiiiiniiin... 330

5.2.4 MODEL FITTING AND COMPARISON WITH LITERATURE DATA .............. 331

5.3 ONE DIMENSIONAL SEISMIC RESPONSE ANALYSIS ...l 338
53.1 DEPTHTOBED ROCK ....couiiiiiiiii i 338

5.3.2 INPUT GROUND MOTIONS ...ttt eeeeeeeeae 338

5.3.3 UNIT WEIGHT PROFILE ...ttt 340

5.3.4 SHEAR WAVE VELOCITY PROFILE .......ccoiiiiiiiiiiiiiineiiiiaen, 340

5.3.5 MODULUS REDUCTION AND MATERIAL DAMPING RATIO CURVES ........ 343

5.3.6  RESULTS AND DISCUSSION OF 1D SEISMIC ANALYSIS .....vvvuviiniiennnne. 344
5.3.6.1 Response at the Free-field ...................oooiiinl. 344

5.3.6.2 Seismic Loading and Base-Sliding Stability ..................... 348

5.4 SUMMARY AND CONCLUSIONS ..., 351

CHAPTER 6 STATIC AND DYNAMIC SLOPE STABILITY

ASSESSMENT L. 353

6.1 INTRODUCTION ...t e e e e e e 353
6.2 STATIC SLOPE STABILITY ASSESSMENT ......ccoiiiiiiiiiiiiiies 353
6.3 ASSESSMENT OF PSEUDOSTATIC SLOPE STABILITY ....ovvviiiiiinn. 359
6.3.1 PSEUDOSTATIC SLOPE STABILITY ASSESSMENT ......covuviiiiennieannnnn. 359

6.3.2 SEISMICALLY INDUCED PERMANENT DEFORMATION ..........ccveennn... 359

6.4 SUMMARY AND CONCLUSIONS ..ottt 364

XVi



CHAPTER 7 CONCLUSIONS AND SUGGESTIONS FOR FUTURE

WORK 367
7.1  SUMMARY AND CONCLUSIONS ... e 367
7.2 SUGGESTIONS FOR FUTURE WORK ..., 372
REFERENCES ... 375
AP P EN D X — A 403
APPENDIX — B oo 505
PUBLICATIONS FROM THIS WORK ... 511
Bl DA T A 513

Xvil



LIST OF FIGURES

Figure ) .
g Figure Caption
No.
1.1. Approximate locations of closed and operating MSW disposal sites at

2.1.

2.2.

2.3.

2.4.

2.5.

2.6.

2.7.

2.8.

2.9.

2.10.

2.11.

2.12.

2.13.

2.14.

Unit weight of MSW reported from several landfills around the world ...........
Empirical unit weight profiles recommended for MSW in the literature.........

Constrained modulus of MSW reported from several landfills around the

Stress-displacement and shear strength of undisturbed and recompacted

MSW at a landfill in Verona, Italy (Mazzucato et al. 1999) .......................

Strain-hardening behavior exhibited by MSW from different countries
(after Stark et al. 2009) ..o

Effect of composition or fibrous fraction on the stress-strain behavior of

MSW (after Zekkos et al. 2012) ..o

(a) Poisson’s ratio and (b) Coefficient of earth pressure at rest of MSW from

different landfills reported in the literature .................ccooiiiiiiiiiiiiiine,
Effect of age or degradation of MSW on mobilized ¢’ and ¢" ......................

Experimental data on c¢'-¢’ reported for emplaced MSW from several landfills

around the world (see Tables 2.5,2.6 and 2.7) .......ccoovviiiiiiiiiiiiieen,

Direct shear tests illustrating the cross-anisotropic behavior of MSW with

plastics oriented at different angles to the shearing plane...........................
Empirical shear strength envelopes of MSW reported in the literature ...........

Histogram of various field techniques utilized for measuring in-situ V; of

MSW (Tables 2.8a and 2.8b, updated after Ramaiah et al. 2015) .................
Recommended shear wave velocity profile by Kavazanjian et al. (1995) ........

Vs and V), profiles reported for MSW at Northwest Regional Landfill Facility,
Arizona (after Houston et al. 1995) ...

X1X

Page
No.

17

18

25

41

43

44

45

47

52

51

53

56

61



Figure

No.

2.15.

2.16.

2.17.

2.18.

2.19.

2.20.

2.21.

2.22.

2.23.

2.24.

2.25.

2.26.

2.27.

2.28.

2.29.

Figure Caption

(a) Composite V; profiles and (b) Recommended range of values for

southern California landfills (after Kavazanjian et al. 1996) .......................
V; profiles reported for three MSW landfill sites in Atlanta, Georgia, USA ....

V; profile of MSW at Villalba dump site, Madrid, Spain (after Cuellar et al.

Vs measured at two MSW landfills in Melbourne, Australia (after Bouzza and

Kavazanjian 2000) .......ooiiiiiiiiii e

V; profiles at Cherry Island landfill, Delaware, USA (after GeoSyntec 2003)

Measured V profile at Tianziling landfill, China (after Feng et al. 2005) ........
V; profiles of four Michigan landfills (after Sahadewa et al. 2011) ................
V; profiles Cozzo Vuturo landfill, Italy (after Castelli and Maugeri 2014) ......

Vs of MSW at Xerolakka landfill, Patras, Greece (after Zekkos et al. 2014a)

Vs of MSW at Sao Carlos landfill, Brazil (after Abreu et al. 2016) ...............

Effect of unit weight on V; of MSW with different compositions (after
ZeKKos et al. 2008) ...o.uiiii i e

Results illustrating the dependency of V; and G, on unit weight of MSW
(after Yuan et al. 2011) ..oonriiniii e

Statistically derived p and p +1ogp profiles for V; of MSW from fully

empirical and semi-empirical models proposed by Zekkos et al. (2014b) ......

Recommended G/G,,,, and 4 curves for solid waste at OII landfill by several

investigators based on back analysis using recorded ground motions ............

Variation of (a) secant Young’s modulus and (b) material damping ratio

with shear strain of MSW from Germany (after Towhata et al. 2004) ............

XX

Page
No.

62

63



Figure

No.
2.30.

2.31.

2.32.

2.33.

2.34.

2.35.

2.36.

2.37.

2.38.

2.39.

2.40.

2.41.

2.42.

Figure Caption
Variation of: (a, b) G/G., and (c, d) 4 with shear strain of MSW from

Tianziling landfill, China (after Feng et al. 2005) ............ccooiiiiiiiiiiininn,

G/G . and A curves reported for MSW at Tri-Cities lanfill, California, USA

(a) Secant modulus and (b) material damping ratio data for MSW at a
landfill in Japan (after Towhata and Uno 2008) ............ccceviiiiiiiininiannn.n.

G/G e and 4 curves for MSW at Kahrizak landfill, Tehran, Iran
(after Keramati et al. 2016) .......cooiiiiii e,

G/Gax and A curves for MSW at Mavallipura landfill, Bangalore, India
(after Anbazhagan et al. 2016) ...

G/G ax versus shear strain from field testing using mobile field shakers at:
(a), (b) Austin Community Landfill (ACL), (c) Lamb Canyon Sanitary
Landfill (LCSL) and (d) Los Reales Landfill (LRL) ...............ccooeiiiiiinn.

Summary of G/G,,,, and 4 curves reported for MSW in the literature ............

Schematic view of cone penetration testing and various measurements

recorded during penetration (after Mayne 2007) ..........ooviiiiiiiiiiiiinnnnn..

SBT charts based on: (a) Basic CPT parameters parameters (after Robertson
2010) and (b) Normalized parameters (after Robertson 1990) .....................

CPT profiles at MSW landfills reported by: (a) Cartier and Baldit (1983),
(b) Hinkle (1990) and (c) Siegel et al. (1990) .........ccooiiiiiiiiiiiiiiiiis

Ranges of SBTs suggested/proposed for MSW at four landfills in Germany
(after Jessberger and Kockel 1991) ...

Range of SBT suggested/proposed for MSW at Meruelo landfill, Spain
(after Sanchez-Alciturrietal. 1993) ...

SBT range of MSW at Bandeirantes landfill, Brazil
(after Carvalho and Vilar 1998) .......ccceiiiiiiiiiieeee e

XX1

Page
No.



Figure

No.
2.43.

2.44.

2.45.

2.46.

2.47.

2.48.

3.1.
3.2
3.3.
3.4.

3.5.

3.6.

3.7.

3.8.

3.9.

. . Page
Figure Caption

g P No.
Profiles of ¢. and f; of MSW at Radiowo landfill, Poland
(after Koda 1998) ...neiiiiii e 95
SBT of degraded waste interpreted from CPTu's at Polk County North
Central landfill, USA (after McKnight et al. 2014) ..., 97
Idealized profiles of: (a) g., (b) f; and (c) Rsreported from CPTs conducted
at Suzhou landfill, China (after Zhan et al. 2008) ..............c.cooiiiiiiiiini. 98
Interpretation of CPT data at Bandeirantes Landfill (BL) and Metropolitan
Center Landfill (MCL), Brazil using: (a) Robertson et al. (1986) and (b)
Eslami and Fellinius (2004) SBT charts (after Machado et al. 2010) ............. 99
SBT of MSW observed from CPTus conducted at three MSW landfills in
Spain (after Lapena et al. 2014) .....cooiiiiiiiii e 100

Amplification of peak ground acceleration at the OIIl Landfill during several

earthquakes (after Kavazanjian et al. 2013) ..., 103
Ariel view of the: (a) Ghazipur dump site and (b) Okhla dump site .............. 108
Seeping of leachate along slope faces at Ghazipur dump ........................... 109
Continuous cracks near slope edges at some locations of the dumps ............. 109
Occasional smoldering and fires observed at the dumps ........................... 109

Vertical to near-vertical cuts remaining stable at some locations of the dumps

............................................................................................... 110
Contour map and approximate locations of various in-situ tests conducted at
Ghazipur UMD ... e e 112
Digital elevation model of the Ghazipur dump site developed from

topographical survey and a qualitative comparison with its satellite image ...... 113
Steep slope with no berm over raising of about 35 m on the eastern side

of the Okhla dump Site .........oooiiiiiii e 115
Typical repose slope at the operating phase at western side of Okhla dump ..... 115

xxil



Figure

No.
3.10.

3.11.

3.12.
3.13.

3.14.

3.15.
3.16.
3.17.
3.18.
3.19.
3.20.

3.21.

3.22.

3.23.

3.24.
3.25.
3.26.
3.27

3.28.

Figure Caption

Contour map and approximate locations of in-situ tests conducted at the

OKhla dump STt ....ouuiiiiit e e e

Digital elevation model of the Okhla landfill developed from topographical

survey and a qualitative comparison with satellite image ..........................
CPTu equipment employed for testing at Ghazipur and Okhla dumps ...........
CPT hole and fire lit to demonstrate the escape of methane gas ..................

(a) Approximate locations of CPTu's at the Ghazipur dump site and

(b) Bench where tests GC3 to GC6 are conducted ...............ccoeiiiiina.n.
Profiles of g., fs, Rrand u, at GC1 ...
Profiles of gc, fs, Rrand u, at GC2 ...
Profiles of ., fs, Rrand u, at GC3 ...
Profiles of gc, fs, Rrand u, at GC4 ...
Profiles of gc, fs, Rrand up at GCS5 ...
Profiles of gc, fs, Rrand up at GCO ...... ...

Histogram of: (a) g., (b) f; and (c) R, ranges from CPTus at Ghazipur dump

site (values in paranthesis indicate maximum depth of cone penetration) .......

Interpretation of CPTu data of MSW at Ghazipur dump using Robertson
(2010) SBT CRATt ...ovnieii e e

(a) g and Ry values from all CPTu's at the Ghazipur site on SBT chart and
(b) Histogram of percentages frequencies of SBTs from CPTu at this site ......

Comparison of CPTu of MSW at fresh and old waste regions .....................
Approximate locations of CPTus conducted at Okhla dump site ..................
Profiles of g., fs, Rrand u, at OC1 ...
Profiles of gc, fs, Rrand u, at OC2 ... ...

Profiles of gc, fs, Rrand u, at OC3 ...

xxiii



Figure

No.
3.29.

3.30.
3.31.
3.32.
3.33.
3.34.

3.35.
3.36.
3.37.

3.38.
3.39.
3.40.
3.41.

3.42.

3.43.

3.44.
3.45.

3.46.

Figure Caption
Profiles of gc, fs, Rrand up at OC4 ...

Profiles of gc, fs, Rrand up at OCS ...
Profiles of gc, fs, Rrand 1y at OCO ...
Profiles of gc, fs, Rrand up at OC7 ...
Profiles of gc, fs, Rrand u, at OC8 ...t
Profiles of gc, fs, Rrand u, at OCO ...

Histogram of: (a) ¢., (b) f; and (c) R, ranges from CPTus at Okhla dump site

Interpretation of CPTu data of MSW at the Okhla dump site using Robertson
(2010) SBT CRATIt ...nieeeiiee e e e e

(a) SBT of all the CPTus and range of observed predominant zone and

(b) Histogram of percentage frequencies of SBTs of MSW at Okhla site ........
Tip resistance profiles of MSW landfills from six countries .......................
Sleeve friction resistance profiles of MSW landfills from six countries .........
Friction ratio profiles of MSW landfills from six countries ........................
SBT of emplaced MSW from different landfills worldwide .......................

Observed zones of predominant SBTs for various MSW landfills worldwide

Approximate locations of field tests for V; measurements and large test pits
at (a) Ghazipur dump site and (b) Okhla dump site .................ccooeiinin..n.
(a) Data acquisition unit

(b) and (c¢) Geophones employed for SASW survey ...........ccoooviiiiiiinn

Schematic view of source and receivers arrangement for SASW testing

(after Hanumanthrao 2006) ............cooiiiiiiiiiiiii e

Common receivers mid point geometry adopted in the present study ............

XX1V



Figure

No.
3.47.

3.48.

3.49.
3.50.
3.51.

3.52.

3.53.
3.54.
3.55.
3.56.

3.57.

3.58.

3.59.

3.60.

3.61.

3.62.

3.63.

Figure Caption

Experimental and compact dispersion curves for a typical SASW sounding

at Ghazipur dump ...

(a) Compact and theoretical dispersion curves and (b) Derived V profile

from SASW test ‘GS1’ at Ghazipurdump ...........c.ooooiiiiiiiiiiiiiiii
Various sources employed during SASW testing in this study ...................
SASW tests capturing the presence of stiff crust at a bench at Ghazipur site ...

Experimental dispersion curves capturing the presence of stiff crust ............

Measured V; profiles from SASW soundings at: (a) Ghazipur dump and

(D) OKhla dump .....onei e
Various components of MASW and MAM test setup ............ccceeveenninnn..
General field testing set-up for active MASW survey .........c..cooeeeviininn.n.
Linear array of geophones placed at OM1 ...

Field set-up for MAM testing at Okhla dump site ............c.cooovveiiiiiiin.

Ground rolls recorded at OM1 from: (a) MASW method;

(b) and (c) Passive method for geophone spacing of 3m .........................

Ground rolls recorded at GM1: (a) to (¢) MASW method for different

geophone spacing and (d) MAM method ...

Dispersion images of ground rolls recorded at OM1 from: (a) MASW and
(b), (c) MAM; (d) Final staked dispersion image and extracted fundamental

mode Rayleigh wave curve (Mp) ....ooovviiniiiiii e

Final staked dispersion images and extracted fundamental mode curve of

Rayleigh wave of ground rolls recorded at: (a) OM2, (b) OM3 and (c) GMI....

Comparison of V profiles measured using MASW, MAM and SASW

TEChNIQUES ..ot

Summary of V; profiles measured at Ghazipur and Okhla dump sites ...........

Vs data of MSW reported for several landfills world wide .......................

XXV

Page
No.

162

163
165
167

167

168
170
170
173

174

175

176

179

180

181



Figure

No.
3.64. Comparison of measured V; profiles from this study with V data of MSW

Figure Caption

reported worldwide (shown only for top 30 m of Figure 3.63) ....................

3.65. (a) Vs profiles of various MSW landfills in USA and (b) V; profiles with

values related to surficial stiff crust deleted from Figure (a) .......................

3.66. (a) Vs profiles of various MSW landfills in USA, without the TCL and SCL
V; data and (b) V profiles with values related to surficial stiff crust deleted

from FIGUIE () o.oniiniii i

3.67. (a) V; profiles of various MSW landfills reported worldwide and
(b) Vi profiles with values related to surficial stiff crust deleted from

FagUIC (@) oonviini i e s

3.68. (a) Vs profiles of various MSW landfills reported worldwide without TCL
and SCL V; data and (b) V profiles with values related to surficial stiff

crust deleted from Figure (a) .......oooviiiiiiiiiiii e
3.69. Statistical analysis of V data of MSW landfills for different cases ...............
3.70. Best fit linear model for statistically derived profiles up to 30 m depth ..........

3.71. Comparison of empirical models obtained for the worldwide dataset of V

of MSW (Case IV) with ¥ profiles/range recommended by other researchers

3.72. Typical view of a large test pit (GP1) excavated at Ghazipur landfill ............

3.73. Comparison of range of in-situ unit weight from this study with range of

near surface data reported for several MSW landfills worldwide .................
3.74. Collection of MSW sample in the field for subsequent laboratory testing .......
4.1. Picture showing fines (soil-like particles) sticking to plastics .....................
4.2.  Air drying of wet or moist waste in an open space before sorting .................
4.3. Separation of MSW sample into <20 mm and >20 mm fractions .................

4.4. Composition details of MSW samples collected from the two dump sites ......

XXVi



Figure

No.
45.

4.6.

4.7.

4.8.
4.9.
4.10.

4.11.

4.12.

4.13.

4.14.

4.15.

4.16.

4.17.

4.18.

4.19.
4.20.

4.21

Page
No.
Estimating the age from printed dates on some constituents of MSW samples.. 213

Figure Caption

Collection of recyclable materials by rag pickers at the Ghazipur dump:

(a) & (b) Plastic items, (c) Stiff plastics and (d) Some leather items ............. 213

Grain size distribution curves of MSW collected from Ghazipur and Okhla

dumps and a comparison with ranges reported in literature ........................ 217
Various components of large direct shear apparatus ...................cceeeviinnin 220
Schematic diagram of large direct shear apparatus .................cooevvviniinnn... 220
Compaction of MSW specimen in layers in large direct shear box ............... 221

Vertical strain-time histories of MSW during one dimensional mechanical

compression in large shear boxX ............ooiiiiiiiiiii 224

Compression ratio of MSW from 1D mechanical compression testing:

(a) Ghazipur dump site and (b) Okhla dump site ................cccooiiiiiin.n. 225

Comparison of measured compression ratio from this study with data

reported for MSW from different countries ...............cooevviiiiiiiiiiniinn.... 225

Constrained modulus of MSW from this study and a comparison with data

reported for several MSW landfills worldwide ..., 226

Hyperbolic model fitted to unit weight data obtained from 1D mechanical

compression tests on MSW from GP1 and OP3 ..................cn. 228
Hyperbolic model parameters for unit weight from 1D compression data ....... 228

Results from large direct shear tests on: (al and a2) GP1-IC and
(b1 and b2) GP1-20 mm fraction ............coeiiniiiiiiii i 232

Results from large direct shear tests on: (al and a2) GP2-IC and

(bl and b2) GP2-20 mm fraction .............oveiiiiiiiiniiiiiiieieieieaeenanns. 232
Results from large direct shear tests on GP3-1C ..., 233
Results of direct shear tests on GP3-IC-HD ... 233
Results from large direct shear tests on OP1-IC .................ooiiiiiiina. 234

XxXvii



Figure

No.
4.22.

4.23.

4.24.

4.25.

4.26.

4.27.

4.28.

4.29.
4.30.

4.31.

4.32.

4.33.

4.34.

4.35.

4.36.

Figure Caption

Results from large direct shear tests on: (al and a2) OP2-IC and
(b1 and b2) OP2-20 mm fraction ...........oeiviiiiiiiiiiei i eie s

Results from large direct shear tests on: (al and a2) OP3-IC and
(bl and b2) OP3-20 mm fraction .............ooeiiiiiiiiiiiiiiieiee e,

Qualitative comparison of typical stress-displacement response of MSW

from this study with those reported from some large DS tests in literature ......

Mobilized shear strength parameters (¢’ and ¢) of MSW specimens with

horizontal displacement in large direct shear apparatus ......................o..ee.

Mobilized shear strength at 55 mm horizontal displacement of MSW

specimens with and without fibrous elements in large direct shear ...............

Mobilized shear strength of MSW with different fibrous fraction content

(>20 mm fraction) in large direct shear reported by Zekkos et al. (2010a) ......

Mobilized shear strength at 55 horizontal displacement of MSW specimens

with age of 3-3.5 years and 9-10 years old ...
Effect of initial density on stress-displacement response of MSW ...............
Effect of initial density on mobilized shear strength of MSW .....................

Mobilized shear strength parameters of MSW at Ghazipur and Okhla

Comparison of mobilized ¢" and ¢’ of MSW from this study with the

literature data reported from direct shear and direct simple shear testing ........

Comparison of shear strength envelopes obtained for MSW at the

Ghazipur and Okhla dumps with recommended strength envelopes ..............
Panoramic view of large-scale static-cum-cyclic triaxial testing unit ............

(a), (b) Basic tools utilized for preparing 150 mm diameter specimen and

(c) View of a prepared SPeCimen ............cooeiiuiiniiiiiiiiiiiiiiaiaieanenns,

Handling of large triaxial cell using a pulley mechanism ...........................

XXVviii

Page
No.

234

235

236

237

239

239



Figure ) ) Page
Figure Caption
No. 19 Pt No.

4.37. Results from CD tests on OP3-IC: (a) Deviator stress, (b) Volumetric strain,

(c) Secant Young’s modulus and (d) Poisson’s ratio ...............ccoeeiiiniinnn.n 254

4.38. Results from CD tests on GP1-IC: (a) Deviator stress, (b) Volumetric strain,

(c) Secant Young’s modulus and (d) Poisson’s ratio ................coceeeeiiin.n 255

4.39. Results from CD tests on OP1-IC: (a) Deviator stress, (b) Volumetric strain,

(c) Secant Young’s modulus and (d) Poisson’s ratio .............c.cccevieiiiinnnn. 256

4.40. Results from CD tests on GP1-20mm: (a) Deviator stress, (b) Volumetric

strain, (c) Secant Young’s modulus and (d) Poisson’s ratio ........................ 257

4.41. Variation of: (a) Deviator stress (b) Volumetric strain (c) Secant Young’s
modulus and (d) Poisson’s ratio with axial strain for specimens with varying
fiber content and a comparison with behavior of local soil (Delhi silt);

(e to g) Typical deformed shapes of the specimens at the end of test ............. 258

4.42. Unconfined compression tests illustrating the effect of reinforcement action

from fibrous components (textile and plastics) in the waste mass ................. 260

4.43. Qualitative comparison of: (a) Stress-strain and (b) Volumetric strain

response of MSW from this study with MSW from different countries .......... 261

4.44. Qualitative comparison of stress-strain and volumetric strain response

of MSW without fibrous materials with literature data ..............cooeeeeiinna... 263

4.45. Comparison of stress-strain response of MSW in triaxial compression with

three classical types of compression testing of soil ....................oooil. 264
4.46. Effect of fiber content on mobilization of shear strength parameters ............. 266

4.47. Stress-strain and volumetric strain behavior of MSW compacted at two

different initial dry densities ............oooiiiiiiiiiiiii i 267

4.48. Effect of density on mobilized shear strength parameters: (a) friction angle

and (b) Apparent CONESION ..........oouiiuiiriitiit ettt 267

4.49. Range of mobilized ¢’ and ¢’ with axial strain of MSW from this and a
comparison with data reported for MSW of different countries ................... 268

XXIX



Figure _ ) Page
g Figure Caption g

No. No.

4.50. Illustration of calculating deviator stress for Ky = 0.3+5% axial strain failure

criterion for a typical stress-strain curve from CD test on GP1-IC ............... 269
4.51. Mobilized stresses for Ko = 0.3+5% axial strain failure criterion for MSW

from this study and a comparison with literature data for this failure criterion

.............................................................................................. 270
4.52. Stress-strain response of MSW with and without fibrous elements in:

(a) Triaxial compression and (b) Direct shear ...................ooooiiiiiii.L. 272
4.53. Mobilized shear strength parameters of MSW with and without fibrous

elements in: (a) Triaxial compression testing and (b) Direct shear testing ....... 272
4.54. Typical stress-strain/stress-displacement response of fibrous peat in:

(a), (b) Triaxial compression test and (c) Direct shear test ........................ 275
4.55. Qualitative comparison of 1D-type compression behavior exhibited by

MSW and fibrous peats in drained triaxial compression testing .................. 276
4.56. CU tests on GP1-IC: (a) Deviator stress, (b) Excess pore pressure ratio,

(c) Effective stress path and (d) A-factor ...........ccovviiiiiiiiiiiiiiiiiiieas 278
4.57. Deformed shape of MSW specimen after test with: (a) fibrous material

(GP1-IC) and (b) Without fibrous material (GP1-20mm) .......................... 279
4.58. CU tests on GP1-20mm: (a) Deviator stress, (b) Excess pore pressure ratio,

(c) Effective stress path and (d) A-factor ..o 280
4.59. CU tests on OP1-IC: (a) Deviator stress, (b) Excess pore pressure ratio,

(c) Effective stress path and (d) A-factor ...........cooovviiiiiiiiiiiiiiiiiiiieas 281
4.60. CU tests on GP1-IC-HD: (a) Deviator stress, (b) Excess pore pressure ratio,

(c) Effective stress path and (d) A-factor ...........oooiiiiiiiiiiiiiii 282
4.61. Effect of initial density on: (a) Stress-strain and (b) Excess pore pressure

ratio behavior of MSW specimens with high fiber content ........................ 283

XXX



Figure i ) Page
Figure Caption
No 19 Pt No.

4.62. Comparison of effective stress path during CU TXC tests on MSW from this

study with those reported by other researchers .................oooiiiiiiii. 284
4.63. CU tests on fibrous peat, Japan (Oikawa and Miyakawa 1980) ................... 286
4.64. CU tests on fibrous peat, Canada (Hendry et al. 2012) ............................. 287
4.65. CU tests on fibrous peat, USA(Mesri and Ajlouni 2007) ............cccvvuenne..... 287

4.66. Mobilized effective shear strength parameters from CU and CD tests on

GP1-IC specimens. Mohr circles shown correspond to CUtests ................ 289

4.67. Mobilized effective shear strength parameters from CU and CD tests on

GP1-20mm specimens. Mohr circles shown correspond to CUtests ............. 290

4.68. Effective stress paths and peak effective friction angle from and CD tests on

MSW without fibrous materials (GP1-20mm) .............cocoiviiiiiiiiiiiinnnn.. 291

4.69. Setup of two volume measuring chambers employed by Shariatmadari et al.

(2009) to study the particle compressibility of MSW ..., 293

4.70. Measuring water level in Perspex cylinders of cell and back pressure lines

for examining the particle compressibility of MSW from in this study .......... 293

4.71. (a) Stress-strain curves for GP1-IC specimens from CU tests, along with the
mobilized deviator stress corresponding to Ky = 0.3 and K, = 0.3+5% axial

strain; (b) p-q plots for Ky = 0.3+5% axial strain failure criteria applied to

CUand CD test data on GP1-IC ....onrmi e, 295

4.72. Schematic of a Mohr circle of stress and the plane of maximum obliquity for

A ZIVEN STALE OF STIESS .iutitiitt ittt 297

4.73. Schematic of a Mohr circle of stress and the plane of maximum obliquity for

A ZIVEN StATE OF SITESS .. .netieett ittt e et ee e 298

4.74. Effective friction angle with depth estimated from CPT at the Ghazipur and
Okhla dumps ......oouieii e 299

4.75. Shear strength data of MSW used for statistical analysis ........................... 305

XXX1



Figure

No.
4.76.

4.77.

5.1.

5.2

5.3.

5.4.

5.5.

5.6.

5.7.
5.8.

5.9.

5.10.
5.11.

5.12.

Figure Caption

Variation of secant friction angle with normal stress for different fixed

values of cohesion intercept in a non-linear model ..................................

Comparison of proposed shear strength envelope for MSW from this study

with shear strength envelops recommended by other researchers .................
Spiral jack arrangement adopted for cyclic triaxial testing .........................

Schematic of a stress-strain hysteresis loop from cyclic triaxial test

(adopted from Hanumanthrao 2006) .............c.oooiiiiiiiiiiiiiiiiiien,

Basic plots from cyclic triaxial tests on OP3-1C at o' = 75 kPa, f =1 Hz;
Ep4a = 0.00 0 e

Basic plots from cyclic triaxial tests on OP3-IC at o' = 75 kPa, f =1 Hz;
Ep4 — 300 0 e

Typical hysteresis loops at a shear strain amplitude of ~0.75% for MSW

specimens with varying fiber content ...
Effect of fiber content on variation of: (a) G/Gn.x and (b) A with shear strain ...

Effect of fibrous waste constituents on cyclic stress strain response and

excess pore pressure generation during undrained cyclic loading .................

Effect of fibrous constituents on variation of: (a) G and (b) 4 with N ata

shear strain amplitude of 2.25% during undrained cyclic triaxial testing .........

Stress-strain hysteresis loops and excess pore pressure ratio profiles at
selected shear strain amplitude for GP1-1C specimens subjected to thirty

loading cycles (Note the change of scale between each stress-strain plot) .......

Effect of number of loading cycles on: (a) G/G . and (b) 4 during
undrained cyclic loading on GP1-IC specimens (FC=7.8%) .....................

Hysteresis loops of: (a) GP1-IC and (b) OP3-IC specimens at different

effective consolidation pressures for a shear strain amplitude of ~0.75% ........

Effect of confining pressure on: (a) G, (b) G/G 4 and (c) A of MSW .............

XxXxii

326



Figure ) ) Page
Figure Caption
No. 19 Pt No.

5.13. Effect of loading frequency on: (a) G/Gpay and (b) Aof MSW .........ooeli. 331

5.14. (a) Normalized shear modulus reduction and (b) material damping ratio for

MSW at Ghazipur and Okhla dumps ..o, 332

5.15. Comparison of G/G 4y and A curves of MSW at Ghazipur and Okhla dump
sites with laboratory data reported in literature for MSW from different

(1010111 4 (= R 334

5.16. Comparison of G/G,,, and 4 curves of MSW at Ghazipur and Okhla dump
sites with data obtained from back analysis using the recorded ground motions
and from in-situ testing using mobile field shakers reported for MSW in the
JIEEIAtULE ...t 335

5.17. Comparison of G/G 4, and A curves of MSW without fibrous materials with

that of local fluvial SOILS ..ot e, 336

5.18. Comparison of G/G,,, and 4 curves of MSW at Ghazipur and Okhla dump

sites with curves recommended for soils of different plasticity index ............ 337
5.19. Depth to bedrock map at Delhi (after CGWB 2002) ...........cccooeviiiiiiinnnnnn 339
5.20. Typical synthetic acceleration-time hiStory ............c.ccooeiiiiiiiiiiiiinin.. 340
5.21. Average V; profile for the: (a) Okhla and (b) Ghazipur dump sites ............... 342

5.22. V; profiles adopted for seismic analysis of the Okhla and Ghazipur dump

sites and a comparison with the range of V; data reported in the literature ...... 343

5.23. (a) G/G4x and (b) A curves of various materials adopted for seismic analysis

............................................................................................... 344
5.24. Typical acceleration-time histories at free-field at Ghazipur and Okhla dump

sites due to Far-field earthquakes ... 345
5.25. Typical acceleration-time histories at free-field at Ghazipur and Okhla dump

sites due to the local earthquakes ... 345
5.26. Typical acceleration response spectra at free-field at Ghazipur and Okhla

dump sites due to the postulated seismic events ...............coeevviiiiiiiinnann. 346

XXx1ii



Figure

No.
5.27.

5.28.

5.29.

5.30.

5.31.

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

6.7.

6.8.

6.9.

. . Page
Figure Caption

g P No.
Average RRS at free-field at Ghazipur and Okhla dumps due to the
postulated SEISMIC EVENTS ......uietiet it eeeeaaeeaaeans 346
Variation of shear strain with depth induced in the waste mass at Ghazipur
and Okhla dump sites due to the postulated seismic events ........................ 347
Amplification of ground motion by the MSW at free-field at Ghazipur and
Okhla dump due to the postulated seismic events ...............cceeeviiiiiinnn. 347
Variation of maximum horizontal equivalent acceleration (MHEA) with
depth at Okhla and Ghazipur dumps due the postulated seismic events ......... 350
Normalized MHEA versus normalized fundamental period of waste fill
(a) Okhla dump and (b) Ghazipurdump ............cccooiiiiiiiiiiiii e, 350
Schematic diagrams of critical cross sections for stability analysis of
Ghazipur and Okhla dumps ..o 354
Stability analysis of Ghazipur dump for the leachate level as observed from
CPTu for shear strength based on: (a) DS data and (b) TXC data ................. 356
Stability analysis of Okhla dump for the leachate level as observed from
CPTu for shear strength based on: (a) DS data and (b) TXC data ................. 357
Stability analysis of the Ghazipur and Okhla dumps with the phreatic surface
(leachate flow) along the slope faces under static condition ...................... ek
Stability analysis of Ghazipur and Okhla dumps for different values of pore
pressure ratio under static loading condition ..., 360
Pseudostatic slope stability assessment of Ghazipur and Okhla dumps for
different a; and R, VAlUES ..ooooiiiiiii e, 362
Finite element model for the seismic analysis of the two dumps .................. 363

Results of permanent deformation analysis for Ghazipur dump at the in-situ

condition due to postulated SEISMIC EVENLS .......c.ovvieiiiiiiiiiiiiii e, 364

Results of permanent deformation analysis for Okhla dump at the in-situ

condition due to postulated seismic events .............cceviiiiiiiiiiiiiiiiiiaas 365

XXX1V



6.10. Results of permanent deformation analysis for Okhla dump for R, = 0.4

condition due to postulated SEISMIC EVENLS .........ccoveeriierieeiierieeieereeeiee e 365

XXXV



Table

No.
1.1.

2.1.

2.2.

2.3.

24.

2.5.

2.6.

2.7.

2.8a.

2.8b.

2.9.

3.1.

3.2

3.3.

3.4.

LIST OF TABLES

Table Title Page

No.
List of various closed and operational MSW dump sites/ landfills at Delhi

(as per the information provided by municipal corporation of Delhi) ............ 4

Static and dynamic properties of MSW required for various design aspects of

a landfill (Fassett et al. 1994; Dixon and Jones 2005) ...........ccceveieeinnnn.. 12

Reported data on total unit weight of MSW measured through large tests pits

at several landfills around the world .........oooiiiiiii e, 16

Summary of reported compression ratio of MSW measured from field and or

1abOTatOry tESTING .. .ve et 22
Shear strength of MSW measured using direct shear apparatus ................... 27
Shear strength of MSW measured using simple shear apparatus ................ 33
Shear strength of MSW measured using triaxial apparatus ......................... 35

Summary of empirical shear strength envelopes recommended by several

ReESCAIChErs .....eieii i 54
Various field techniques utilized for measuring V; of MSW (Part 1) ............. 57
Various field techniques utilized for measuring V; of MSW (Part 2) ............. 58

gc and f; values from CPTs at Tianziling landfill, China
(after Zhu et al. 2003) ..o e 96

Various field techniques adopted for evaluating the mechanical properties of

emplaced MSW at landfills (modified and updated after Kavazanjian 2003,

Matasovic et al. 201 1) ..o s 19
Comparison of CPT data from this study with the data reported for MSW

landfills in the Tterature .............cooiiiiiii e 144
Details of MASW and MAM tests conducted at Ghazipur and Okhla dumps

(868 FIgUIC 3.43) o iniiiii i e 172
Database of in-situ V; of MSW utilized in statistical analysis ..................... 136

XXXVil



Table Table Title Page

3N5?. Results of regression analysis of V; data analyzed for different cases ............ ll\g;
3.6. Results of statistical analysis of V; of MSW for up to 30 m depth ............... 197
4.1. Composition details and approximate age of collected solid waste samples ..... 211
4.2. Physical properties of MSW samples collected from the two dump sites ........ 215

4.3.  Composition details of MSW samples adopted for the evaluation of
shear strength and dynamic properties ...........ooevveeieiiriiieiiiiiieiiennianenns. 230

4.4. Details of large-scale direct shear tests conducted and mobilized shear

strength parameters at 25 and 55 mm horizontal displacements .................. 231
4.5. Details of the consolidated drained triaxial compression tests ...................... 252

4.6. Mobilized shear strength of MSW from back analysis of failed landfill slopes
(adopted from Stark et al. 2009) ... 302

4.7. Database of shear strength of MSW from large-scale direct shear tests (in-situ

and laboratory) considered in statistical analysis ....................ocoiiiiL, 303

5.1. Details of undrained cyclic triaxial tests conducted on MSW collected from

the Ghazipur and Okhla dump Sites ............cooiiiiiiiiiiiiiiiii e, 319

5.2. Parameters of hyperbolic model fitted to the G/G,,,, data of MSW at the
Ghazipur and Okhla dump Sites .........ccoeiviiiiiiiiii e 332

5.3.  Ground motion parameters for far-field event from central seismic gap

(M,,: 8.5, Distance: 250 KM) ...ooveiiiiiiiii i 341

5.4. Ground motion parameters for far-field event from central seismic gap

(M, 6.5, Distance: 50 Km) .......ooiiiiiiiiii 341

XXXViil



O-VO

NOTATIONS

Effective vertical stress

Effective confining stress

Cyclic deviator stress

Effective confining pressure

Peak cyclic stress in extension
Average cyclic stress

Effective isotropic consolidation stress

Mean effective stress

Double amplitude cyclic shear stress

Shear strain

Axial strain

Cyclic shear stress

Axial strain in compression

Axial strain in extension

Double amplitude axial strain

Cyclic axial deformation in compression

Cyclic axial deformation in extension
Angular frequency

Phase difference

Mass density

Poisson’s ratio
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Ar Area of hysteresis loop

Ar Area of the shaded triangle

B Skempton’s pore pressure parameter
c Cohesion intercept

CD Consolidated Drained

CU Consolidated Undrained
CTX  Cyclic Triaxial Tests

CDAS Control and Data Acquisition System

CRMP Common Receivers Mid Point

A Material damping ratio
E. Secant Young’s modulus
f Frequency of loading

FoS  Factor of Safety
g Acceleration due to gravity
G, Specific gravity
Guax  Small strain shear modulus or maximum shear modulus
Ky Coefficient of earth pressure at rest
L Length of specimen
M,, Earthquake Magnitude
P, Atmospheric pressure
MHA  Maximum Horizontal Acceleration
PP; Initial pore pressure before start of consolidation
SASW  Spectral Analysis of Surface Waves
Vs Shear wave velocity

Vo Initial volume before consolidation
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&y

qc

S

U

SBT

Volumetric strain

Tip resistance

Sleeve friction

Friction Ratio

Dynamic pore pressure or penetration pore pressure
Soil Behavior Type

Constrained Modulus

Compression ratio or Modified Compression Index
Apparent cohesion intercept

Effective friction angle

Pore pressure ratio for slope stability analysis
Excess pore pressure ratio

Excess pore pressure

Diameter of the specimen

Horizontal seismic coefficient

Yield acceleration
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