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ABSTRACT

Applications of reinforced soil retaining walls leaincreased enormously in
last three decades. Satisfactory performancesioforeed soil retaining structures
during recent earthquakes, in comparison with cotiweal retaining walls, are
reported by several researchers. However, somadailof reinforced soil structures
during earthquake are also reported. Thus, dyndmitavior of reinforced soil
retaining walls is of research interest to sevesakarchers. Most studies conducted
by different researchers, using small scale laboyattudies and numerical analyses,
mainly focused on parameters like: wall displacetsiebackfill settlements, lateral
earth pressures, reinforcement loads and acceleratplifications. But, very little
was reported in literature on the strain behavibrsail and reinforcement. The
objective of the present research programme iauestigate the seismic response of
reinforced solil retaining walls (RSRW) through nuio& simulations to provide
insight on their behavior with different wall cogiirations subjected to different
excitations. The main focus is to determine thaiistr developed in backfill soil and
reinforcement members and to compare with horizcama vertical displacements
along the backfill for determining probable defotioa zones within the backfill.

To achieve the objective, numerical models for tyoes of reinforced soil
wall systems are developed using a finite diffeeeneethod software FLAE (Fast
Lagrangian Analysis of Continua 3D). Flexible wafaped and full height rigid-faced
walls are considered for the study. Initially, nuioal models of laboratory scale
walls, reported in literature, are developed fdidadion. Validated numerical models
are then extended for simulating full scale modetsextensive parametric studies

with idealized sinusoidal excitations. Paramettiedees are conducted to study the
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influence of different parameters like reinforceméngth, reinforcement stiffness,
number of reinforcing layers and backfill soil paweters on response of wall, backfill
and reinforcement. The wall behavior has been pteden terms of displacements,
accelerations and horizontal pressures. Strain iimhaof RSRW in terms of
octahedral shear strains developed in backfill; said axial strains developed in
reinforcements have been analyzed. The straingndieted are compared with the
horizontal and vertical displacements along thegtlenof wall to observe the
deformation zones in backfill soil. The probabledtion of deformation zones based
on octahedral shear strain developed on backifill Studies are also conducted for
both the wall models subjected to real earthquakéagions to observe the effect of
frequency content on response.

The models developed were sensitive to differenteni@ properties like
backfill friction and dilation angles, stiffness o¢inforcement material and soil-
reinforcement interface parameters. From the ftales model studies, it is observed
that, three distinct modes of deformation zonesaslieformation within reinforced
zones, relative compaction near the end of reiefments and compound deformation
zones extending to the retained backfill zone,proeninent for wrap-faced wall. The
length of compound deformation zones depend onthemd reinforcement and
backfill soil friction angles. The shear deformasawithin reinforced zone depend on
reinforcement stiffness and number of layer of fieritement. The strains developed
in reinforcements are influenced by strain developgthin soil element, extent of
compound deformation zones into retained backiiiiteraction between soil and
reinforcement, reinforcement stiffness and ineftice developed within reinforced
zone. Providing longer reinforcement in the top 3% height of the wall showed

the performance similar to the one will full heidgbmger reinforcement.
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In full height rigid-faced wall models two types stfained zones: high strain
zone near the wall facing; and low strained zortereding into the retained backfill.
Larger localised vertical and horizontal displacateenear the wall facing indicate
high strain zone (about 1 to 2%); low strain zoreswnarked by the extent of the
retained backfill experiencing elastic strain ley@tound 0.3%). These zones differ
from the zones identified in flexible wrap-facedlMaodel. The soils near the wall
facing are settled due to development of high straear facing and increase in
horizontal and vertical displacements in rigid fhcevalls. The length of
reinforcement, number of layers of reinforcememsd ainforcement stiffness and
backfill soil do not change significantly the defation zones, other than small
changes in vertical settlement near the wall faciipe reinforced soil walls
deformation modes and strains in reinforcement wiépan type and flexibility of
facing. When a reinforced retaining wall is beingbjected to real earthquake
excitation, which contains different frequency @it amplitudes at frequency close
to the fundamental frequency of the wall will be pgdifred by the most. The
maximum displacement of the structure and horidgm@ssure on wall and its time
of occurrence during earthquake excitation and rdedition zones formed subjected
to different earthquake excitation are differensdzh on frequency content of the
earthquakes. Type of facing plays significant ratethe response of reinforced soil
retailing structures. The results compared for weaqed and rigid-faced walls; and

rigid-faced walls with different facing stiffnesalues support this observation.

i
TH-1326_08610406



TABLE OF CONTENTS

ADSEIACT ...t i
Table Of CONLENTS... ..o e e e e e e e e Y
LISE Of FIQUIES ..ottt e e e e e e e e e viii
LISE Of TabBIES.. e e e e e e XVii
Notation and Abbreviations.............cooiiii i, XVl
(@4 gF=T o (= g I 11011 o o {1 ox 1 o) o I 1.
1.1 Reinforced Soil Retaining StrUCIUIES.........oommeeeeeereriiiiiiiiieeeeeeeeeeeeeeenen 1
1.2  Seismic Performance of GRS Retaining WallS ....cccccccooooooiieiiiiiiiiniininnns 3
1.3  Objectives of the Present Study ............ccoeemiiiiiiiiiiiiiiiiine e 4.
1.4 Organization Of tNESIS ......ccoiiiiiiiiiiiicee e 5
Chapter 2.  LIterature REVIEW ......cccceeiieeeiiieeiiieivteemcssse e e e e e e e e e e e e e eeeeeesanennannne s 7
22500 R | 011 o To [ 1o £ o S 7
2.2  Reinforced Soil Structures: Behavior, Analysis &esbign ..............ccccceee.. 7
2.3  Static Studies on GRS Retaining WallS .......cccoeovvvvviiiiiiiiiiiieieceeeeeee, 12
2.4  Dynamic Studies on GRS Retaining Walls .....ccccccceooiiiiiiiiiiiiiiieeiiis 12
2.4.1 Physical model StUAIES ..............ooevves e ettt e e e e e e aeaes 3.1
2.4.2 Analytical STUTIES ........cceveeeeiiiiiiiiiccccmr et e e e e e e e e e e e e eeeeneeees 22
2.4.3 Numerical model STUTIES............uuuueieiiie et e e e e e e e eeees 29
2.5  Critical APPraiSal.........oouuuiiiiiiiiiii ettt 41
2.6  Objectives and Detailed Scope of WOrK......cccoceeeeviieviiieiiiiiiciieee e 42
2.7 SUIMMAIY ittt e et e e eeenmm e et e e e et e e e e et e e e eaa e e e eaneeeesnnnennes 44
Chapter 3.  Description of Numerical Programme and Model Propeties....... 45
1 200 R [ 011 o To [T £ o 45
3.2 OVerVieW Of FLACP .....o.oviiececeeeeece e 45
3.2.1 FISH Programming .......cccooeeeeeeiiiieeeee s mmmmmm e e e e e e eeeeeeeeeeeeesesesnnnnnnneeeens a7
3.2.2 Structural elementsS...........ccooviiviiiiiiiceemmmree e e e A8
v

TH-1326_08610406



Table of Contents \Y

3.2.3 Dynamic modeling in FLAG® ..., 48
3.3 Material Models for Numerical Simulation..............cccccvviiiiiiiinnnn. 51
3.3.1 BaACKTill SOIl....ccceeieieiieee 51

3.3.2 Geosynthetic reinforCemMEeNt .............ooii et 57
3.3.3 FacCiNg €lemMENtS ......cooiiiiiiiiiiieiiieet i ettt 60
3.3.4 Interface elements ..........ccociiiiiiiit e 60
3.4 Soil-Reinforcement INtEraction..............ceeemmeeeeeiiiiieeeeeeaeiee e 61
3.4.1 Laboratory pUllOUL tESES .......iiiiiieie e 2.6
3.4.2 Numerical simulation of pullout teStS ..., 67
3.3 SUMIMATY ettt ettt e e e e nm e e et ettt e e e e e estb e e e e e eebnan e aeaeannnees 71
Chapter 4. Studies on Wrap-Faced Walls ............cccoeeeeeeiiiiiii i, 73
2t R | 11 (0o [ [ 1o o PP PP PP PP RSO PPRRP 73
4.2  Developement of Numerical Models...........ccooeeieiiiiiiiiiiiiiiiiiiien 73
4.2.1 Target physical MOel.........ccooooiiiiiiiiiiiiiiiiiii e 4.7
4.2.2 Development of numerical grid ..............uceeemeiiiiiiiiiiene e 76
4.2.3 Selection Of grid SIZE...........uuuuuuuiiimmmn e 80
4.2.4 SeNnSItIVILY ANaIYSIS......uuuiiiieiieeee ettt 81
4.2.5 Validation of numerical model ... 87
4.2.6 Dynamic response of wrap-faced walls: displacemandsstrains ........ 89
4.3  Seismic Behavior of Full Scale model.........ccoocooooo 91
4.3.1 Response of full scale wall after dynamic excit@tio........................... 92
4.4 ParametriC StUGIES ......coooiiiiiiiiiiiii i st e e e e e e e e 98
4.4.1 Effect of length of reinforcement...........ccccee oo, 99
4.4.2 Effect of number of reinforcing layers......cccccvvevviiiiiiiiiiiiiieeeee, 105
4.4.3 Effect of backfill (angle of internal friction)...............cccceeeiiiiiiinnnn. 110
4.4.4 Effect of reinforcement Stiffness...........co i 114

TH-1326_08610406



Table of Contents Vi

4.4.5 Effect of frequency of eXcitation ..., 118
4.4.6 Effect of seismic acceleration ............cccouumiiiiiiiiiiiiiiieee 121
4.5 Response of Designed Wrap-Faced Wall Model.................c.coovnennn.n. 124
4.6 SUMIMAIY ..ottt e et et e emmmma e e e eett e e e e eessa e e aeaeesnnn e eaeeennnnns 130
Chapter 5.  Studies on Rigid-Faced WallS ..........cccooiiiceeeeevviiiiiiiiiiieeeeeeeeeee 132
5.1 INrOAUCTION ..ttt e e e e e 132
5.2  Developement of Numerical Models of Rigid-Faced M/al.................. 132
5.2.1 Target physical MOdel............ccoooiiiiiiiiiiiiii e 132
5.2.2 Development of numerical grid ..........oooiireeriiiii e 134
5.2.3 Validation of numerical model ..............ccccceiiiie 139
5.2.4 SensitiVity @NalySIS.........uuuuuiairieie et 142
5.2.5 Dynamic response of rigid-faced walls: Displaceraamtd Strains...... 145
5.3  Seismic Respnse of Full Scale Rigid-Faced Wall Nmde.................... 147
5.3.1 Rigid-faced wall subjected to dynamic excitation........................... 147
5.4  ParametriC STUAIES ........ccooiiiiiiiiiiit ettt e e e e e e e e e ae s 152
5.4.1 Effect of backfill friction angle............ocoeeriiiiiii e 153
5.4.2 Effect of reinforcement StiffNess........... .o ooiiiiiiiiiiiiiie 155
5.4.3 Effect of length of reinforcing layers.......ccccuiiiiiiins 157
5.4.4 Effect of number of reinforcing layers.......ccocceeieiiiiiiiiiiiiiii, 159
5.4.5 Effect of facing StIffNesS .........coooiiiiiiiiiii s 116
5.4.6 Effect of frequency of exXcCitation ............ccoeevvveiiiiiiiiiiiiiiiiiinn 163
5.4.7 Effect of acceleration of dynamic excitation ccceee.......cooovvvvveeviiinnnnns 165
5.5 Comparison of Wrap-Faced and Rigid-Faced Walls Bela............... 169
5.6 SUMIMAIY ettt ee e e e m e e e et e e e e e e e e e e e e e e ran e aaaeans 174
Chapter 6. Model Walls Subjected To Different Earthquake Motions ......... 175
6.1 INrOTUCTION ...t e e 175

TH-1326_08610406



Table of Contents vii

6.2 Fundamental Frequency of Model Walls.......ccccoooooiiiiiiiiiiiii, 177
6.3  Earthquake Ground MOLIONS............c..uutmmmmmmmeerenenniinne e e e e e eeeeeeeeeeeenenens 178
6.4  Model Response for Earthquake MOtioNs.......ccccceeeeeeeiiiiiiieiiiiiiiiiinnn, 179
6.5  SUMIMAIY ..ot e e e et e et e e e e e eaeees 197
Chapter 7.  Concluding REMArKS ..........cccoeeiiiiiiiieiiiiiiccese e e e e e e e e e eeeeeaaeens 198
7.1 Summary Of the theSiS........coooiiiiiiiii e 198
7.2 CONCIUSIONS ... ..ottt mme ettt e e e e e e e e e e e e e e 199
7.2.1 Studies on Wrap-Faced Reinforced Soil Walls ................ceeeeinennnn. 199
7.2.2 Studies on Rigid-Faced Reinforced Soil WallS .cceeeevvvvveiiiiiinnnnnnnn. 201
7.2.3 Reinforced soil wall subjected to different earthk@ motions............ 202
7.3 Major contributions of the present Study .....ccccceevviiiiiviiininiiieeeeeeeeee, 203
7.4  Limitations Of Present StUAY............. e eeieeeiiiiiiiiiiiiee e {0
7.5  Scope for FUuture RESEArCH ..............uvt e eeeeeeiiiiiiiiiee e e e 20
Referefifes ... s, .. NSSSSESNERRN.. .. oo ... B B8 T 206
Appendix A. Hyperbolic Model Parameters of Sand...........ccccceeeiviiivvvnennnnnnnns 219
Appendix B. Stability Analysis of Reinforced Soil Walls ................cccoevviiinnnnnn 224
Appendix C. List Of pUDIICAtIONS.......cuuuiiiiiiiiie e 232

TH-1326_08610406



LIST OF FIGURES

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.1 Application of reinforced soil structuré€a) highways; (b) bridge abutments;
and (c) slope stability (www.reinforcedearth.com).............ccccceeeeeiiiiiinnnnn. 2

1.2 Typical system of reinforced soil strues! (a) wrap-faced wall (b) modular
block wall and (c) full-height rigid-faced wall @eawn from Holtz 2001)...... 2

2.1 Potential external failure mechanism &nforced soil wall (FHWA 2001)10
2.2 Potential internal failure mechanism ohferced soil wall (FHWA 2001) .10

2.3 Cross-section of geogrid wall suffered saramage during 1995 Hyogo-ken
Nanbu Earthquake (Tatsuoka et al. 1996)....cccccceiiiiiiiiiiiiiiiiiiiiceeeei, 13

2.4 Large deformation in geosynthetic reinémtenodular block wall during Chi-
Chi (Taiwan) Earthquake (after Huang, 2000) ........cccoovvviiiiiiiiiniiiiineeeennn. 14

2.5 Test setup and cross section of model ezaikidered by Ramakrishna et al.
(2E08) ......... . ......... o .......... B 16

2.6 Different types of retaining wall model\8zon level ground (after Watanabe
B Al. 2003) ....eeeriunnnnnnnnnssreaseeeasssnmmmmmsssssassssnnneeessannnnbeeeessssnansessnsonnnsnnssnnss 17

2.7 Reinforced wall model configuration (afid-Emam and Bathurst 2004) ..18

2.8 Model configuration and instrumentatiompigd for reduced scale RS walls

(after EI-Emam and Bathurst 2005) ..........commmmmeeeeeeeeeieeieeieeeeeiiienne e 18
2.9 Test slope before and after shaking s#str(Lo Grasso et al. 2005) ........... 19
2.10 Typical wall model configuration adoptadLing et al. (2005a).............. 20
2.11 Visual observation of deformation (a)face cracking behind reinforced

zone (b) settlement behind block facing (after Lad@l. 2005a) ................... 20
2.12 Schematic diagrams of typical test watlfigurations and instrumentation

adopted by Latha and Krishna (2008)........ccceeeeiiiiiiieeeeeeeeeeeeee 21
2.13 Calculation of dynamic earth pressuresusgismic loading (after Bathurst

AaNd Cal, 1995) ... ———— 23
2.14 Calculation of tensile load in a reinfemzent layer due to dynamic earth

pressure and wall inertia (after Bathurst and C395) .........cccceevvvieieeeeenennn. 23
2.15 Direct sliding of reinforced soil retaagiwall (after Ling, 2001) ............... 24
2.16 Failure mechanism and force equilibrimnmiulti-wedge method (after

Huang and Wang, 2005) ......cccouuiriiiiiii e 26

Vil

TH-1326_08610406



List of Figures iX

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

2.17 Reinforced wall with kinematics of defaton of the reinforcement (after
Reddy et al., 2008) ........uuuuuuiiiiiiee e cceereei e 27

2.18 Finite element mesh for simulation ajreental retaining wall (after Cai
and Bathurst, 1995) .......cceviiiiiiiiiis oo e e e e e e e e e eeees 32

2.19 Finite difference mesh (using FLAC) obggnthetic reinforced soil wall
(after Bathurst and Hatami, 1998) ..........commmeeeeermmmmniiiinneeeeeeeerereeeennnnns 33.

2.20 Influence of reinforcement stiffnesspfercement length and base
condition on maximum wall displacement (after Basthand Hatami, 1998)33

2.21 Normalized maximum lateral displacemdmwall crest with normalized

frequency (after Hatami and Bathurst, 2000) ...........cccoovvveviiiiiiiiicciiieeeenn. 34
2.22 Details of finite element mesh of segrakrdinforced wall (after Helwany

€L Al, 2001) .ooiiiiiii it 35
2.23 Finite element mesh adopted by Lind.€R805D) ...........ccccveiiiiiiinnnnnnnnn. 35

2.24 Reinforcement loads of GRS walls sulijesteismic loading at end of
construction (EOC) and 10 years afterward (after2009).......................... 36

2.25 Finite element mesh used for numericau&tion of three wall models
(after Lee et al. 2020) ......cceeiiuuiiiniiiaeeee e eeeeeeeeiiiiiii e eeeeeee e 36

2.26 Wall face peak horizontal displacememhparison (after Lee et al. 2010) 37

2.27 Plastic shear strains within soil fopaak acceleration and at end of

shaking (after Liu et @l. 2011)...........uummmmmmeeeeeeeeeeeeeeieeeeeriinninnnn e e eeeenens 38
2.28 Plastic shear strain within soil for fercement lengthl() 0.5H and

L=1.0H (after Liu et al. 2011)........ccoeurrrreiiimmmmmreennnniaaae e e e e e eeeeeeeeeeeeeeeeennnnnns 38
2.29 Numerical grid considered for reinforeel retaining wall model (after

Krishna and Latha 2012)...........cccooiiiiieemeeeiiiee e ee e 39
2.30 Finite element mesh of wrap-faced wdtkfaLiu and Ling 2012)............. 40
2.31 Octahedral shear strain in reinforcabivealls with different types of sands

as backfill (after Liu and Ling, 2012) .......ccouriiiiiiiiiiiiianeeeeeeeeeeeeeeeeeeieens 40.
3.1 Basic calculation sequence in FERQItasca 2008)..........ccooveeeeveeeenns AT..
3.2 Numerical model of triaxial test sampl&(88 mm & height 76 mm)......... 53

3.3 Comparison of results between numericdlrysical triaxial tests at
different CoNfiNiNg PreSSUIE ........eeiii e 54

3.4 Behavior of soil in numerical triaxial CPP@SSION..........cccceeeveiivieeeeeenneen, 5.5

3.5 Non-linear hysteretic stress-strain madejranular soil: (a) stress-strain cap;
(b) unload-reload cycle (modified after Cai andast 1995)..................... 56

TH-1326_08610406



List of Figures X

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

3.6 Stresses acting on geogrid surroundingde riltasca 2008) ..........cccceeeeennnn. 59
3.7 Grain size distribution of sand used B $tUdY.........ccooeeviiiiiiiiiiiiii 63
3.8 Comparison numerical and physical triate@sl results on sand at different
CONFINING PrESSUIES ....oeeveeeeieeiiii s smmmmmme e e e e e e eeeataans s e e e e e e e e e e eeeaeaeeeeeees 64
3.9 Load elongation response of woven gedeXti...........ccuuueeeeeeeviiniieeennnnns 5.6
3.10 Pullout box along with instrumentation................coevviiiciiiiiiiee e, 66

3.11 Pullout response of composite geoteztildifferent confining pressure....66
3.12 Mesh for numerical model of pullout SEeS...........ccccceceeiiiiviieeeeeeeeee, 69.

3.13 Pullout stress versus displacement forteurge of (a) 20 kPa (b) 33 kPa
and (c) 67 kPa for numerical result with differerierface parameter and
experimental reSUIL...........oouuuiiiaee e 70

3.14 Pullout stress versus displacement farteuge of (a) 20 kPa (b) 33 kPa
and (c) 67 kPa for numerical simulation with difet angle of internal
Lo (o 1o =0 | S 71

4.1 Physical model configuration of wrap-faeeall (after Krishna and Latha,

2007 ettt —————— 111114ttt bbbt ittt e et eneeee s anne 75
4.2 Typical variation of horizontal displacemewith time in physical model test
(after Latha and Krishna, 2008) ............ccccccceeeeeeeeiieeiiieiiiiiiniiiiineeeeeeeeenn d D

4.3 Accelerations at different elevations frtra physical model test (after
Krishna and Latha 2008).................oiiieeeeemrviieiiee e e eeeeeeeeeeesiiiieen e O
4.4 Development of numerical grid of wrap-faeeall ... 77
4.5 Boundary conditions of the model in X-Yapé and Z-X plane.................... 80

4.6 Model wall with free field boundary condit before dynamic loading ...... 80
4.7 Sensitivity of grid size on model reSponNse........ccccevvvveieeeeiiiiiiieiiiiiiiies 81
4.8 Typical sinusoidal dynamic excitation campnts § = 0.2g;f = 3 Hz)........ 83

4.9 Typical displacement histories at diffdrelevation for acceleration 0.2g and
frEQUENCY SHZ ... e 84

4.10 Typical acceleration histories obtainedumerical simulation ................. 84

4.11 Sensitivity of numerical model with resp® backfill friction angle: a)
Displacement profiles; b) Acceleration amplificatifactor; c) Incremental
PIESSUIE ....eiiiiti et e et et emmmmmme e e e e e e e e et e e e et e e e et e e eenn e e eenesnnaaenes 85

4.12 Sensitivity of numerical model with resp® backfill dilation angle: a)
Displacement profiles b) Acceleration amplificationincremental pressure 86

TH-1326_08610406



List of Figures Xi

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.13 Sensitivity of numerical model with resp® reinforcement stiffness: a)
Displacement profiles b) Acceleration amplificationHorizontal pressure.. 86

4.14 Sensitivity of numerical model with resp® soil-reinforcement interface
stiffness: a) Displacement profiles b) Accelerat@onplification c¢) Horizontal
PIESSUIE ...eeiiiiti ettt et emmmmmme e et e e e e e et e e e eea e e e eba e e e ennaeeeennsnnaaeees 87

4.15 Comparison of results of numerical angsptal model testsa(= 0.2g,
Lrei/H =0.7,N_ =4) (a) horizontal displacement, (b) RMSA amphfion
factor and (C) incremental PreSSUre........cccccccevvviiveeevviiiiee e e e 90.

4.16 Comparison of results of numerical angsptal model tests for different
number of reinforcement layera € 0.29,f = 3 Hz and_eir/H=0.7) ............. 90

4.17 (a)Horizontal displacement and (b) vaitdisplacements along length of
backfill after 20 cyclesa=0.29,f =5Hz, L;ein/H=0.7,N.=4) .......ccerrrrrrrrrrnnnnn 91

4.18 Variation offy, in soil along length of backfill (a) between two
reinforcement layers (b) at reinforcement lewef(.2g,f =5Hz, L,.in/H=0.7,
NI=A.......... A ... SO .................... . 0« ot eeeeeeeaaannns 91

4.19 Numerical grid for full scale wrap-facedll (a) before support removal (b)
after SUPPOIt rEMOVAL ...........ooviiiieiiiiiiee e 92

4.20 Variation of (a) horizontal displaceméitvertical displacement (c) RMSA
amplification factor and (d) Horizontal pressurei@ll subjected to dynamic
excitation 6=0.29,f =5Hz,N. =4 andLei/ H=0.7) ccceevieiiiiiiiiiiieeei, 93

4.21 Octahedral shear strain, horizontal dispinent and vertical displacement
along the length of backfill after 20 cycles of dymic excitationg =0.29,f

:5HZ, Lrein/H:O.7, NL :6) ........................................................................... 95
4.22 Contour of octahedral shear strain &@ecycles of dynamic excitation

(8=0.29,f=5Hz, Ligi/H=0.7,NL=6) ...ooovviiiiiiiieeeeeieee it eeee e 96
4.23 Deformation zones of wrap-faced reinfdrseil retaining wall after

AYNAMIC EXCITALION ..t ottt e e e e e e e e e e e e eeeeeeeas 96
4.24 Incremental Octahedral shear strain dreBament and incremental axial

strain on reinforcement after 20 cycles of dynaexcitation & = 0.2g,f =

SHZ, LigifH=0.7,NLT0) oottt 97
4.25 Overburden pressure acting on reinforegraedifferent elevations.......... 98
4.26 Response of model wall with length ohfeicement lengths (O, 1.CH

and 1.H) after dynamic excitatiora(= 0.2g,f = 5Hz and\_ = 6)............... 100

4.27 Variation offy., U andv along the length of backfill after dynamic
excitation for model wall with.j/H=1.0 @=0.29,f=5 Hz,N.=6).............. 101

TH-1326_08610406



List of Figures Xii

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.28 Comparison of octahedral shear strabaekfill with reinforcement length
0.7H, 1.(H and 1.H subjected to dynamic excitatioa£ 0.29,f =5 Hz and

L = 4) oottt ettt ettt areane s 102
4.29 Deformation zones of wrap-faced wallshw{#)Lei/H=0.7 (b)Lin/H=1.0

.............................................................................................................. 103
4.30 Contours of octahedral shear strain afyeamic excitationg = 0.2g,f

:5HZ, NL = 6) (a)l_rem:O?l_I , (b) Lrein = 10_| and, (C)Lrem 212‘| ............ 103

4.31 Variation offe, rein after dynamic excitation withyein/H=0.7, 1.0 and 1.2a(
= 0.20,F = BHZ,NL T 8) ittt et ettt 104

4.32 Response of model walls with 4,6 andy®is of reinforcement subjected to
dynamic excitationg = 0.29,f = 5Hz and_ein = 0.TH) ...oovvvviiiiiiiiiee, 106

4.33 Variation offy., U andv along the length of backfill after dynamic
excitation forN =4 (@=0.29,f=5 Hz,Lein/H=0.7H) ..c.oooociiieirii 106

4.34 Variation offy., U andv along the length of backfill after dynamic
excitation forN =8 (@=0.29,f=5 Hz, Lein/H=0.7H) .....ccoeiiiiiiiiiiiiiin, 107

4.35 Comparison afyoc for walls with 4, 6 and 8 layers of reinforceméamt
0.29,f = 5HZ andrein/H = 0.7) ceevuieiiiieeie e 108

4.36 Contour of octahedral shear strain &@ecycles of dynamic excitatioa €
0.29,f = 5Hz and_ei/H=0.7) with (@N_=4 (b)NL. =6 (C)NL. =8......... 109

4.37 Deformation zones of wrap-faced reinfdrseil retaining wall after
dynamic excitation with no. of reinforcing layel) @layers (b) 8 layers.....110

4.38 Variation offe, rein after dynamic excitatiora€0.29,f=5Hz, L¢in/H=0.7)
for walls with (@)NL=4 (B)NL=6 (C)NL=8......ccceriiii e 111

4.39 Response of model walls with backfiltfion angles 30°, 38° and 43°
subjected to dynamic excitatioa € 0.2g,f = 5Hz,N, = 6andLej, = 0.MH) 112

4.40 Comparison afyoct for walls with backfill friction angle 30°, 38° dm3°
after dynamic excitatiora(= 0.29,f = 5SHz and_ ein/H = 0.7) ceeveeeeeeereeeenn. 113

4.41 Incremental axial strain in reinforcemafter dynamic excitatiora€0.2g,
f=5Hz, Lin/H=0.7) with backfill friction angle 30 38 and 43 ................. 114

4.42 Response of model walls with backfilfeliént reinforcement stiffness
subjected to dynamic excitatioa £ 0.2g9,f = 5Hz,N_ = 8 andL i, = 0.H)

4.43 Octahedral shear strain, horizontal \&rtical displacement along the
length of backfill with reinforcement stiffness %R/m (@=0.2g,f=5 Hz,
Lrei/ H=0.7H, NLT8) .ot 116

TH-1326_08610406



List of Figures Xiii

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.44 Octahedral shear strain, horizontal \@rtical displacement along the
length of backfill with reinforcement stiffness 1bR/m (@=0.2g,f=5 Hz,
Lrein/H:O.m, NL:8) .................................................................................. 116

4.45 Comparison afyc at backfill for wall with reinforcement stiffness
subjected to dynamic excitatioa € 0.2g,f = 5Hz and_ej/H = 0.7,N.=8) 117

4.46 Incremental axial strain on reinforcemafitér dynamic excitatiora€0.2g,
f=5Hz, Lin/H=0.7,N_=8) with reinforcement stiffness 5.2, 100 and 152k
.............................................................................................................. 118

4.47 Response of model walls subjected to aynaxcitation at different
frequenciesd = 0.2g9,NL. = 6andL ein = 0.7H) ..oevvvviieiiiiiiiiiiee e, a1

4.48 Comparison of octahedral shear strabaekfill for walls subjected to
dynamic excitations of frequency 3 Hz, 5 Hz andZ/(&l= 0.2g and_ein/H =
0.7 peeeeecdene. P, .. T e B, 120

4.49 Incremental axial strain on reinforcemfentwalls subjected to dynamic
excitation of 3 Hz, 5Hz, and 7 Hz frequencias=(0.2g andN_. = 6) ........... 120

4.50 Variation of (a) horizontal and (b) vedl displacement (c) RMSA
amplification factor and (d) Horizontal pressure\ialls subjected to
dynamic excitation 0.2g, 0.3g and 0.4igF5Hz,Lei/H=0.7, N =6)....... 122

4.51 Comparison of octahedral shear strabaekfill for walls subjected to
dynamic excitations of acceleration 0.2g, 0.3g @dd) (=5 Hz,Lei/H = 0.7,
Bl = 6) . o ... S .. o ... % ... T 123

4.52 Incremental axial strain on reinforcemfentwalls subjected to dynamic
excitations of acceleration 0.2g, 0.3g and 0f4§ Hz,Lin/H=0.7, N = 6)
.............................................................................................................. 123

4.53 Octahedral shear strain, horizontal dispinent and vertical displacement
along the length of backfill after 20 cycles of dymic excitation4=0.29,f=5
HZ, Liein/ H=0.7H, NLZ12) oo 126

4.54 Incremental axial strain on reinforcemafitér dynamic excitatiora€0.2g,
f=5HZ, Ligin/H=0.7,NL = 12) et 126

4.55 Wrap-faced wall with reinforcement lenégih 0.H (b) 1.(H and (c) top
three layers 119 and other layers 0¥ (d) top seven layers Hdand others
O OO 128

4.56 Response of full height model walls wdtfierent reinforcement
configurations subjected to dynamic excitatian=(0.2g,f = 5Hz,N_ = 12)129

4.57 Comparison of octahedral shear strabaekfill for wall with reinforcement
0.7H, 1.(0H, 2L-1.0H and 6L-1.0H subjected to dynamic exmta(a = 0.29,
L] 4 SR 130

TH-1326_08610406



List of Figures Xiv

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.1 Test arrangement of rigid face reinforoetdining wall in physical model
tests (after Krishna and Latha 2009) .......ccccoeviiiiiiieeiiiiiieeeeee e M3

5.2Typical horizontal displacements histooésinreinforced wall with number
of cycles (after Krishna and Latha, 2009).. e oveeeeeeeiiiiireiieiiiiiieeeeenn 135

5.3Typical acceleration histories of reinfategall with number of cycles (after
Krishna and Latha, 2009)............coooi it e e 135

5.4 Grid adopted for numerical simulationg#gtic simulation (b) dynamic
SIMUIALION ...ttt 137

5.5 Boundary conditions of the model (notcals) in X-Y plane (plan) and Z-X
plane (Side elevation) ..........ccceeiee i cceeeeees e 138

5.6 Typical displacement histories at diffdrelevations during dynamic
excitation 6= 0.29, f=3Hz,Lei/H = 0.7 andNL=4) .....cooeviveeeiiiiiieeeeeie 140

5.7 Typical acceleration histories at diffdretevations in numerical simulation
.............................................................................................................. 140

5.8 Comparison of results from numerical ahggcal model tests on
unreinforced and reinforced € 0.29,f= 3 Hz and\_ = 4): a) Displacement
profiles b) Acceleration amplification and c) Inarental pressure............... 141

5.9 Sensitivity of numerical model with respecbackfill friction angle: a)
Displacement profiles b) Acceleration amplificationincremental pressure
.............................................................................................................. 143

5.10 Sensitivity of numerical model with respto backfill dilation angle: a)
Displacement profiles b) Acceleration amplificationincremental pressure
.............................................................................................................. 143

5.11 Sensitivity of numerical model with respw stiffness of reinforcement: a)
Displacement profiles b) Acceleration amplificaticflorizontal pressure. 144

5.12 Sensitivity of numerical model with resp® number of reinforcing layers:
a) Displacement profiles b) Acceleration amplifioatc) Incremental pressure
.............................................................................................................. 144

5.13Ayqc, U @andv along length of backfill after dynamic excitatita= 0.2g and
f = 3Hz) for unreinforced wall ...............oceeeerieiiii e, 146

5.14Ay.¢, U andv along length of backfill of dynamic excitation faginforced
wall (a=0.2g and = 3Hz,Leir/H = 0.7 @andNL = 4) ccovvvvvviiiiicicieieeeee e, 146

5.15 Typical displacement histories at différelevation of rigid-faced wall .. 149

5.16 Horizontal, vertical displacements, RM&A#plification factor and
horizontal pressure at different elevations aftgrasnic excitationg=0.2g,f =
SHZ Lieif H=0.7,NLT4) oottt 149

TH-1326_08610406



List of Figures XV

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.174y0¢, U @andv along the length of backfill after 20 cycles ohdynic

excitation 6=0.29,f=5Hz, L1ein/H=0.7,NL=4) ...oorrrrriiiiiiieiie e, 150
5.18 Incremental axial strain along lengtleahforcement after dynamic

excitation 6=0.29,f = 5Hz,Liei/H=0.7 anANL = 4) ..ccovvvvrrrriiiiciieeeene. 150
5.19 Contour of octahedral shear strain afy@amic excitation..................... 152

5.20 Deformation zones of rigid-faced reingdasoil retaining wall after
AYNAMIC EXCIALION ...ttt ettt e e e 152

5.21 Response of model walls with backfilcfion angles 30°, 38° and 43°
subjected to dynamic excitatioa € 0.2g,f = 5Hz and_,eiv/H = 0.7,N.=4) 154

5.22 Comparison afy,c; at backfill for wall with backfill friction angl&0°, 38°
and 43° after dynamic excitatioa € 0.2g,f = 5Hz and_j/H = 0.7,N_.=4)

5.234¢4_rein ON reinforcement after dynamic excitati@*0.29,f=5Hz andLeiv/H
= 0.7) with backfill friction angle 30°, 38° and43...........ccccceeivveeeeeeeeeeenn. 155

5.24 Comparison afyqc: for walls with reinforcement stiffness 5.2, 100d&al52
kN/m after dynamic excitatiora= 0.29,f = 5Hz and_ei/H = 0.7) ........... 156

5.25 Comparison afy.c; at backfill for wall with reinforcement stiffne$s2, 100
and 152 kN/m after dynamic excitaticen%£ 0.29,f = 5Hz and_i/H = 0.7,
B=4).................... S CCSER. .............. ... . sopeeeeen 156

5.264¢4_rein ON reinforcement after dynamic excitati@rQ.29,f=5Hz andLein/H
= 0.7) with reinforcement stiffness 5.2, 100 an@ kBl/m .......................... 157

5.27 Response of model walls withi/H = 0.7, 1.0 and 1.2 subjected to
dynamic excitationgd = 0.2g,f =5 Hz andN =4) ..., 158

5.28 Comparison of octahedral shear strabaekfill for wall with L,ein/H = 0.7
and 1.0 after dynamic excitatioa € 0.2g,f =5 Hz and\N =4) .................... 159

5.29 Response of model walls for wall witt6Zand 8 layers of reinforcement
subjected to dynamic excitatioa € 0.2g,f = 5Hz and_ei/H=0.7) ......... 160

5.30 Comparison afy,c; at backfill for wall with 4, 6 and 8 layers of
reinforcement after dynamic excitatian< 0.29,f = 5Hz and_.j/H = 0.7)
.............................................................................................................. 161

5.31 Response of model walls with backfillfeiient facing stiffness 27.4 GPa
and 15.2 after dynamic excitatiom£ 0.29,f =5 Hz and_ei/H =0.7) ..... 162

5.32 Comparison of v at backfill for wall witacing stiffness 27.4 GPa and 15.2
GPa after dynamic excitatioa € 0.2g,f = 5Hz and_ei/H=0.7 ) ............. 163

5.33 Response of model walls with backfillfgient frequency of excitatiom &
0.2g aNrein/H = 0.7 ) eerriiiiiiiiieeeeeeeee e 164

TH-1326_08610406



List

of Figures XVi

Fig

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

. 5.34 Comparison afy, at backfill for walls subjected to dynamic extas of
frequency 3 Hz, 5 Hz and 7 Ha € 0.2g and_;eiyH =0.7) cceevvveeeeeennnnn. 165
5.35 Input base stepped acceleration ..o 165

5.36 Horizontal and vertical displacementiffecent elevation for different input
ACCEIBTALION ...t e e e e e e e e e e e nn———————— 167

5.37 The octahedral shear strain on bacldillater 2 sec dynamic excitation of
(a) 0.2g (b) 0.4g (c) 0.5g and (d) 0.6l=@ Hz,Lein/H = 0.7 andN = 4) ... 167

5.384yqct along the length of backfill at different excitatilevel .................... 168
5.3%¢4 rein @long the length of reinforcement at differentieton level....... 169

5.40 Response of wrap and rigid-faced walkh after 20 cycles of dynamic
excitation 6=0.29,f = SHZL,ei/H=0.7,NL=6) .....ccovviiiiiriiiiiiieeeeeiieee, 170

5.41 Octahedral shear strain, horizontal dispinent and vertical displacement
along the length of backfill for (a) wrap-faced Wahd (b) rigid-faced wall
after 20 cycles of dynamic excitation of 0.2g ahtk a=0.2g,f=5Hz,
L o T A N T ) TSSO 172

5.42 Axial stress along the length of reinarent at different excitation level
(@=0.29,f=5 HZ,LieiH = 0.7 @andNL=6) .....ccoevrriiiiiiiiiiiie e, 173

6.1 Earthquake ground motion records (a) Adtistories; (b) Scaled histories
for 10 second duration and 0.3 g PGA and, (c) FéfTtee scaled ground
70} 10 1P 180

6.2 Acceleration applied at base of model (&) acceleration recorded at top
of backfill (A3) for rigid and wrap-faced walls faifferent earthquakes ....182

6.3 Fast Fourier Transformation (FFT) of aecation applied at base of model
(A0); and recorded at top of backfill (A3) for rigand wrap-faced walls for
different earthqUakes.............uuuuiiiiir e 183

6.4 Transfer functions between acceleratidimmae of wall (A0) and top of
backfill (A3) for (a) Loma Prieta, (b) Parkfield @tic) Bhuj earthquakes.... 184

6.5 Transfer function between acceleratiortzage of wrap-faced wall (AO) and
top of backfill (A3) for (a) Loma Prieta and (b)rRield earthquakes ........ 186

6.6 Accelerations at base of model (A0) anwptof backfill (A2) and their
corresponding FFTs of 3m high model subjected atesicBhuj earthquake
40T ] (0] o E PP PT PP PP PP PP 186

6.7 Transfer function between acceleratiortzage of wall (A0) and top of
backfill (A2) of 3 m high model subjected to scakuj earthquake motion
.............................................................................................................. 187

TH-1326_08610406



List of Figures XVil

Fig. 6.8 Horizontal displacement, RMSA amplificatitactor and horizontal pressure
for (a)rigid-faced wall (b)wrap-faced wall subjedt® different scaled
earthquake excCitationS...........oooiiiiiiiceeeeee e 189

Fig. 6.9 Comparison of displacement histories dudgnamic excitation of different
earthquakes for (a) rigid-faced walls (b) wrap-thealls ........................... 192

Fig. 6.10 Comparison of incremental horizontal pues on (a) rigid-faced wall (b)

wrap-faced wall during dynamic excitation for driéat earthquakes........... 193
Fig. 6.11 Contours octahedral shear strains agnldeof different excitations......... 195
Fig. 6.124y..: along the length of backfill of rigid-faced walllgected to Kobe EQ

and Parkfield EQ .........ooiiiiieiiii e ereeecee e 195
Fig. 6.13 Contours octahedral shear strains agnldeof different excitations......... 196

Fig. 6.144y.. along the length of backfill of wrap-faced walbgected to Kobe EQ
and Parkfield EQ .........ooiiiiiiii e e 196

TH-1326_08610406



L1ST OF TABLES

Table 2.1 Design codes for seismic design of GRI&Wmaodified after Koseki et al.

2006) .eeteeeiiiie e —————— 11—ttt it ittt ittt et et aaaaannnnnrrrrres 9
Table 2.2 Summary of numerical studies seismic Wehaf RS retaining structures.

................................................................................................................ 30
Table 3.1 Soil Physical CharacteriStiCS....ccuuueerurriiiiiiiieeeeeeeieieeeeviiiii e 63
Table 3.2 Hyperbolic model parameters obtained fiwaxial test ........................... 64
Table 3.3 Material properties used in numerical eidor pullout tests .................... 68

Table 4.1 Material properties used in numericalusaton for sensitivity analysis... 82

Table 4.2 Comparison of results from physical anoherical model ....................... 88
Table 4.3 List of parameters considered for paramstudies .................ocevvevevvnnnnns 99
Table 4.4 Static and dynamic Factors of safetyesfor full scale model.............. 124
Table 5.1 Material properties used in numericallBaion..............ccceeeeeviiiiieeeenenns 139
Table 5.2 Comparison of results from physical ancherical model ...................... 142
Table 5.3 Material properties used for sensiti@alySIS...............ooovviieneiiiinnnnnns 421

Table 5.4 Static and dynamic factors of safetyfddirscale rigid-faced model ....... 147
Table 5.5 List of parameters considered for paramstudies ...............ccceevvvvvnnneee 152

Table 6.1 Static and dynamic Factors of safetyasafor wrap and rigid-faced walls

.............................................................................................................. 176
Table 6.2 Fundamental frequency values of reintbsml wall models ................. 178
Table 6.3 Ground motion parameters of actual eagke records...........cccccceeeennn.. 179

Table 6.4 Ground motion parameters and responsesatdd earthquake excitations
.............................................................................................................. 190

XVili
TH-1326 08610406



NOTATIONS

NOTATIONS AND ABBREVIATIONS

English symbols

I:Swerturing
I:g)ullout
I:Srupture
FSsliding

G

Gmax

Acceleration (mA

Length of backfill (m)

Tangent bulk modulus (kN/n

cohesion (kN/f)

Coefficient of curvature (dimensionless)

Speed of p-wave propagation (m/s)

Speed of s-wave propagation (m/s)

Uniformity coefficient (dimensionless)

size such that10% of soil finer than the size fmm
size such that 50%of solil finer than the size (mm)
size such that 60% of soil finer than the sizenjm
Stress dependent elastic modulus (kKfy/m
Frequency (Hz)

Factors of safety of overturning (dimensionless)
Factors of safety of pullout (dimensionless)
Factors of safety of rupture (dimensionless)
Factors of safety of sliding (dimensionless)
Shear modulus (kN/f

Initial shear modulus (kN/fh

Height of reinforced soil wall (m)

Bulk modulus (kN/rf)

Bulk modulus constant (dimensionless)

Modulus number (dimensionless)

Normal stiffness of interface (kNAim)

Shear stiffness of interface (kNjtm)

Length of reinforcement (m)

Moment magnitude of earthquake (Dimensionless)
Modulus number (dimensionless)

Number of reinforcement layers (Dimensionless)
Atmospheric pressure (kNfn

Failure ratio (Dimensionless)

Transfer function (Dimensionless)

Horizontal displacement (mm)

Vertical displacement (mm)

Greek symbols

p
A

@
o1
03
Yoot
Ooct
Toct

Tmax_oct

TH-1326_08610406

Density of soil (kg/r)

Wave length (m)

Angle of internal friction (degree)

Major principal stress (kKN/M

Minor principal stress (KN/f

Octahedral shear strain (kN9m
Octahedral normal stress (kN9m
Octahedral shear stress (kNym
Maximum octahedral shear stress (kR/m

Xix



Notations and Abbreviations

XX

AYoct Incremental octahedral shear strain (%)
Yu_oct Octahedral shear strain at starting point of adiog (kN/nf)
Vr_oct Octahedral shear strain at starting point ofaeing (kN/nf)
Ve_oct Octahedral shear strain at present state (%)
Om Mean normal stress (kNAn

Ymin Minimum unit weight (kN/mm)

Pmax Maximum unit weight (kN/)

0 Interface friction angle (degree)

A& rein Reinforcement axial strain (%)

Al largest zone dimension (m)
ABBREVIATIONS

2D Two dimension

3D Three dimension

AASHTO American Association of State Highway anafsportation Officials
ASTM American Standard for Testing Materials
BS British Standard

CFEM Canadian Foundation Engineering Manual
CHBDC Canadian Highway Bridge Design Code

EC Euro Code

EQ Earthquake

FDM Finite Difference Method

FEM Finite Element Method

FF Fundamental frequency

FHR Full height rigid

FHWA Federal Highway Administration

FLAC Fast Lagrangian Analysis of Continua

GF Shape factor

GRS Geosynthetic reinforced soil

IS Indian Standard

MSE Mechanically stabilized wall

NCMA National Concrete Masonry Association
PGA Peak ground acceleration

PGD Peak ground displacement

PGV Peak ground velocity

PWRC Public Works Research Center

RMSA Root mean square amplification

RSRW Reinforced soil retaining wall

RTA Roads and Traffic Authority

RTRI Railway Technical Research Institute

TH-1326_08610406



Chapter 1. INTRODUCTION

1.1 REINFORCED SOIL RETAINING STRUCTURES

Earth retaining structures are invariably usedanous projects that include
highways, bridge abutments and slopes to suppaitakor nearly vertical slopes of
earth masses. The retaining structures may beaditgrretaining walls, reinforced
concrete cantilever walls and mechanically stabdizarth (MSE) walls. Koerner and
Soong (2001) gave a perspective on evolution ofoeted soil retaining walls. Over
the decades, the classical gravity retaining wadissitioned into reinforced concrete
cantilever walls, with or without buttress and ctaunforts and of mechanically
stabilized earth (MSE) walls. The MSE walls areerefdd as internally stabilized
walls, because of reinforcement installed withie trackfill soil (Vidal 1966). The
initial walls developed were reinforced with ste&ips and subsequently replaced by
welded wire mesh. By 1980s, the MSE wall technolstgrted to use polymeric
reinforcement like geogrids, geotextiles and polyrsigap etc. as an alternative to
metallic reinforcement.

Applications of geosynthetic reinforced soil (GR®jaining walls in major
public infrastructure works are increasing tremerstip due to rapid urbanization and
demand of effective land space utilization. Thefeoimproved performances, in
addition to, advantages in ease and less costnstreation compared to conventional
earth retaining systems. Fig. 1.1 shows severahpbes of reinforced soil structures.

The reinforced solil retaining structures have thregn components: backfill,
reinforcement and facing system. Sand and gravelsfeen recommended as backfill

soil due to good drainage properties and betteraction with reinforcement.

TH-1326_08610406



Introduction 2

Fig. 1.1 Application of reinforced soil structurga) highways; (b) bridge abutments;
and (c) slope stability (www.reinforcedearth.com)

Reinforcing materials may be of relatively inextiéhes steel strips, sheet or
relatively extensible polymer products like geoilestand geogrids. Wall facing may
include: wrap facing, full height rigid (FHR) fagn segmental block facing and
modular block facing (Holtz 2001). The wrap-facednforced soil walls are with
flexible facing, whereas, full height rigid-facedinforced soil walls are with stiff
facing. In segmental block facing and modular bléking reinforced soil walls, the
facings are constructed with discrete panels ockslaand are semi-rigid in nature.

Fig. 1.2 shows various types of reinforced so#irghg walls.

(@ (b)

R T T T

i

(©)

—

Fig. 1.2 Typical system of reinforced soil strues! (a) wrap-faced wall (b) modular
block wall and (c) full-height rigid-faced wall @feawn from Holtz 2001)
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1.2 SEISMIC PERFORMANCE OF GRS RETAINING WALLS

Satisfactory performances of reinforced soil retgyrstructures during recent
earthquakes, in comparison with conventional ratgimvalls, are reported by several
researchers (e.g. Sandri 1997; Tatsuoka et al.,199%/ and 2007; Kramer and
Paulsen 2004; Koseki et al. 2006). However, soaikirés of reinforced soil
structures during earthquake are also reportedr({@@800; Ling et al. 2001; Pamuk
et al. 2004, Ling and Leshchinsky 2005, Koerner &ogrner 2013). Koerner and
Koerner (2013) analyzed 171 failed geosynthetionfoeced soil (GRS) retaining
walls and highlighted that about 69 % of walls falider design failure category.
Analyzing the performance of retaining structuresler static and seismic ground
shaking conditions helps to understand better athmit behavior during earthquakes
and to design these structures more seismic efficiehus, dynamic behavior of
reinforced soil retaining walls is of research et to several researchers through
different modes of studies like, physical modeldsts, analytical studies and
numerical model studies. Examples of few such sgidanclude: Cai and Bathurst
(1995); Hatami and Bathurst (2000); Ling et al.q2 Lee et al. (2010); Liu et al.
(2011); Krishna and Latha (2012) etc. Most studiesnducted by different
researchers, were based on small scale labordtaies and numerical analyses, and
mainly focused on parameters like: wall displacetsiebackfill settlements, lateral
earth pressures, reinforcement loads and acceleratnplifications. But, very little
was reported in literature on the deformation zpsé&sin behavior etc. on soil and
reinforcement.

Some researchers observed slip surface, largendafions and surface cracks
after seismic shaking. Matsuo et al. (1998) showefinite slip surface existed in

GRS structures after conducting reduced scale sbpd#bles tests. However, no sign
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of sliding deformation of geosynthetic reinforcedil (GRS) walls were reported
after large scale shaking table tests (Ling eR@05a) and dynamic centrifuge test
(Nova-Roessig and Sitar 2006). Large deformatiantssarface cracks were reported
in the unreinforced zone and behind the facing ehforced wall after seismic
shaking 0.8g (Ling et al. 2005a). A small horizbntisplacement and vertical
settlement was reported in reinforced soil slopfter eseismic shaking of 1.08g
(Nova-Roessig and Sitar 2006). Liu and Ling (20X2ported that permanent
deformation of reinforced soil structures were doi@eformation within reinforced
and unreinforced zone and reinforcement loads iaeetty related to strain-softening
behavior of soil. The method to estimate the peenamlisplacement of reinforced
soil structures are based on shear resistance akiilbaoil which in turn leads to
strain development in backfill soil and mobilizatiof reinforcement loads. So strain
variations in the backfill soil and reinforcementllvprovide better understanding
about the mechanism of formation of deformationemoroil and load variations in

reinforcement members.

1.3 OBJECTIVES OF THE PRESENT STUDY

The objective of the present research programmmirsvestigate the dynamic
response of reinforced soil retaining walls (RSRWpugh numerical simulations.
The study envisaged to get insight on their behrawith different wall configurations
subjected to different excitations. The main foofishis research is to determine the
strains developed in backfill soil and to comparéghwhorizontal and vertical
displacements along the backfill for determiningh@ble deformation zones within

the backfill. Another aspect of the present redeavork is to evaluate the effect of
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different earthquake ground motions, which are riohfrequency contents, on

behavior of reinforced soil walls.

1.4 ORGANIZATION OF THESIS

This thesis is organized into seven chapters.

Chapter 1 presented the introduction to the problem, obyectif the research
work. Organization of the thesis is also brieflgdébed in this chapter.

In Chapter 2, literature on reinforced soil retaining walls)ereant to the
present research work, are presented and discusse@dture was reviewed in three
parts: experimental studies, analytical studiesranderical studies related to seismic
response of reinforced soil retaining walls. Theapter concludes with critical
appraisal of the literature and detailed scop&efwork.

Chapter 3 gives description of numerical program and modmiameters
required for modeling the reinforced soil retainivglls. A finite difference method
based programme FLAE (Fast Lagrangian Analysis of Continua) has bee ue
develop numerical models. Various components of erical models of wrap and
rigid-faced reinforced soil retaining walls and ith@odel parameters are discussed.
As the behavior of soil reinforced structures isintyadepends on soil-geosynthetic
interaction behavior, numerical simulations of ratgion through interface elements
is validated with the laboratory test results.

Chapter 4 deals with the numerical simulations on wrap-fasgdforced soil
wall models. Development of wrap-faced wall numarimodel has been presented in
detail. The results are presented in terms oflatigments, strains; pressures and
corresponding deformation zones are discussedaars of reinforcement strains
along length of reinforcement at different layers presented. Parametric studies are

conducted to study the strain mobilization and dw#dion zones.
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Chapter 5 covers the numerical simulations on full heighgidifaced
reinforced soil wall models. Numerical simulationfslaboratory scale shaking table
tests on rigid-faced reinforced soil retaining wadlre described. The location of
deformation zones based on horizontal and vertitsphlacements and octahedral
shear strains along the length of backfill are ussed. Parametric studies are
conducted to study strain mobilization in back&dil and reinforcement by varying
different parameters.

Chapter 6 presents numerical model studies on both the waddels,
subjected to different actual earthquake excitatiomhich are rich in frequency
content. The chapter provides relative comparisetwéen rigid-faced and wrap-
faced walls and also describes the deformation smadder random excitations.

Chapter 7 summarizes the present study and presents théusares drawn
from the research work. The limitations of the stadd future scope of work are also

discussed.
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Chapter 2. LITERATURE REVIEW

2.1 INTRODUCTION

Studies related to behavior of the reinforced saidining structures subjected
to seismic excitation are becoming popular day ay. & typical research work can
be conducted through analytical frame work or/aratieh studies. Model studies are
advantageous to simulate complex system and pramgight to the fundamental
mechanism, operating within the system. Model &sidin geotechnical engineering
may be physical model studies in laboratory or micaké model studies simulating
the actual field problem. Both of the studies giwesght into the model behavior and
mechanism involved. The objective of the presemdysis to understand the seismic
response of reinforced soil retaining structuresictvis aimed through the numerical
model studies. The following sections summarize literature pertaining to the

reinforced soil retaining structures and their isgisbehavior.

2.2 REINFORCED SOIL STRUCTURES: BEHAVIOR,
ANALYSIS AND DESIGN

The behavior of reinforced soil structures depeondsthree of its basic
components: soil, reinforcement and facing andrtheteraction characteristics.
Among these, backfill soil and its engineering hebia governs internal stress
distribution, pullout resistance and failure suéfashape (Federal Highway
Administration, FHWA 2001). Based on the enginegpnoperties and its interaction
with reinforcement and drainage properties, granglails are ideally suited for
reinforced soil retaining wall structures (FHWA 200BS8006 2010). Major
functions of the reinforcement members in GRS natgi structures are to sustain

7
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tensile loads and deformation, if any developedthm fill. The reinforcements are
classified as extensible reinforcement like polymmoducts and inextensible
reinforcement like metallic mat and strip etc. (FHW®001). In case of the extensible
reinforcement, deformation of reinforcement is canagple or even greater than soil
deformation, while in inextensible reinforcementfatmation of reinforcement is
much less than soil deformation of soil (FHWA 2QODjfferent types of facing
components are being used, basically, to prevensail to slide away from the rows
of reinforcements; and also to contribute in stgbif the structure by maintaining
reinforcement members to function together.

In reinforced soil structure design, soil-reinfemeent interaction is an
important factor, which governs the composite beélragf soil and reinforcement.
The soil reinforcement interactions are controlleg two interaction mechanism
namely pullout of reinforcement from soil (pullosechanism) and soil sliding over
the reinforcement (direct shear mechanism). Intestability of reinforced soill
retaining walls will be contributed by strength géosynthetics and length of
reinforcement required to prevent pullout (FHWA 200The pullout resistance
offered by reinforcement is due to frictional fordeveloped between the soil and
reinforcement. Many researchers conducted pullogstst on geosynthetic
reinforcement for the determination of interactiprmoperties (Bergado et al. 1986;
Juran et al. 1988; Farrag et al. 1993; Gurunglesad 1999; Palmeira 2004; Shahu
2007; Subaida et al. 2008).

Koseki et al. (2006) reviewed the design codes dersmic design of
geosynthetic reinforced soil walls as listed in[€ah1. Different agencies developed

design guidelines for reinforced soil retaining walThey are: Federal Highway
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Administration (FHWA 2001 and 2010); British Standla(BS8006 2010) and

National Concrete Masonry Association (NCMA, 199id 4998) etc.

Table 2.1 Design codes for seismic design of GR&Wmodified after Koseki et al.

2006)
Reference Title Summery
codes
BS8006 (2010) | Code of practice foBased on limit states design
strengthened/reinforced so|lformat and guidelines far
and other fills partial material factors and load
factors for various applicationg
NCMA, 1997 Design manual for segment&dased on allowable stress
retaining walls. design method
AASHTO Standard  specification  fgrBased on allowable stress
(2002) highway bridges design
AASHTO LRFD bridge design Based on limit state design
(2004) specifications, factor called “load and
resistance factor design |-
LRFD”
FHWA (2001) Mechanically stabilized eartiBased on allowable stress
wall and reinforced soil slope:design
FHWA (2010) lquign and construction guideBased on limit state design
ines
CHBDC (2000) | Canadian highway bridge desjdgpives no guidance on GRS wall
code for static and seismic design
and recommends use pf
analytical limit state desigh
methods and should be checked
against accepted working stress
design methods
CFEM (2006) Canadian Foundatip@A description of Tie-back
Engineering Manual Wedge (Simplified)method for
geosynthetic reinforced saqll
wall but no guidance on use pf
limit state design
RTA (2005) Design of reinforced soil walls Basedh dimit state design
RTRI (2006) Design standard for railwaprocedures within performance
earth structures based framework
PWRC(2000) Design and construction manual
for geotextile reinforced sojl2.2.1
structures

Design of reinforced soil retaining walls involvesternal stability (Fig. 2.1)

and internal stability (Fig. 2.2) considerationsctétnal stability issues consider
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sliding and overturning of the structure as a mibial block; bearing capacity of the
foundation soil against increased normal pressese the toe; and a potential deep
seated failure surface. External design ensurets thigareinforced block provides
enough gravity resistance against the externakfrmternal stability aspects verify
geosynthetic performance against tie-back and puliailure. One should estimate
the anticipated reinforcement forces and the gegnuétthe potential sliding surface
at limit state. Internal design ensures that thefoeced block is strong enough and
maintains its structural integrity against exterfuates (i.e. horizontal pressure from

the retained fill, traffic surcharge) and self-waigFHWA, 2001).

¢) bearing capacity d) deep stability

Fig. 2.1 Potential external failure mechanism #anforced soil wall (FHWA 2001)

S
: Retained Reinforced
soil soil

-, b fes

Retained
H soil

(a) Tie-back failure (b) Pullout failure
Fig. 2.2 Potential internal failure mechanism aonhferced soil wall (FHWA 2001)
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The static and dynamic design of reinforced soildtires involves the
estimation of external forces acting on the stmeguo evaluate external and internal
stability. In static analysis, the force exertedtbe reinforced block, by the retained
soil is estimated using fundamental soil mechapiasciples of lateral earth pressure
(Coduto 2002). The soil retained behind the medadiyi stabilized earth (MSE) wall
is assumed to be in limit equilibrium. The forceegrd, on the reinforced soil zone,
by the retained soil is calculated by well knowmKae (1857) or Coulomb (1776)
earth pressure theories. This force is assumed tcting at one-third the wall height
(H/3, whereH is the total height of wall), corresponding taiartgular earth pressure
distribution.

For areas with seismic hazards, stability undesnsiei forces is evaluated by
considering two additional forces: the seismic shrand horizontal inertia force.
During an earthquake, the retained fill exerts aadyic horizontal thrust in addition
to static thrust on the reinforced soil wall, usikignonobe-Okabe (1929) method.
The reinforced soil mass is also subjected to botel inertia force that arises from
part of the reinforced soil block due to the hontad acceleration. These two forces
are evaluated using site specific peak horizontaligd acceleration value, obtained
from relevant codal provisions (IS 1893; EC8). Bx¢ernal and internal stabilities of
the reinforced soil wall, with the selected reimied configurations (strength, length,
spacing etc.), are evaluated from the laterale®rconsidered and corresponding
resisting forces developed. Relevant factors ofetgaffor various mechanisms
considered in the stability analysis (FHWA 2001)stnbe ensured to complete the

design process.
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2.3 STATIC STUDIES ON GRS RETAINING WALLS

Many researchers worked on static performance offaeed soil walls
(Karpurapu and Bathurst, 1992; Ho and Rowe 1996yeRand Ho 1997; Rowe and
Skinner 2001; Ling and Leshchinsky 2003; Hatami &adhurst 2005 and 2006;
Skinner and Rowe 2005; Yoo and Kim 2008). The eéff#cgeometric parameters
such as reinforcement length, number of layers enfiforcement, distribution of
reinforcement and wall height on the static fordeseloped are analyzed. The stress
distribution in soil and total resisting force dped on the reinforcement depends
on reinforcement stiffness density, reinforcemaeilt/driction angle, facing/soil
friction angle, backfill friction angle and facimgidity (Rowe and Ho, 1997). The
reinforced soil wall behavior is affected by thduma of foundation soil (Rowe and
Skinner, 2001). Bathurst et al. (2005) establisaedorking stress method for the
calculation of reinforcement loads in GRS wall gsofatabase of instrumented and

monitored full-scale field and laboratory walls.

2.4 DYNAMIC STUDIES ON GRS RETAINING WALLS

Bathurst et al. (2002) reviewed the work associatgti the properties of
cohesionless soil, geosynthetic reinforcement awing component under cyclic
loading. They concluded that the reinforced soillsvperformed well during seismic
shaking when located on competent foundation sod above water table. The
seismic performances of reinforced soil wall haweerb reported for recent major
earthquakes such as: Loma Prieta earthquake 1%@8End Watt 1991; Collin et al.
1992); North bridge USA earthquake 1994 (Sandri719&hite and Holtz 1996);
Hyogo-Ken Nanbu Japan earthquake 1995(Nishimural.e1996; Tatsuoka et al.

1997); Chi Chi Taiwan earthquake 1999 (Ling et2001; Huang et al. 2003);
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Koceli Turkey earthquake 1999 (Koseki et al., 20G8)d El Salvador earthquake

2001 (Race and del Cid, 2001). In most of the c&RBRS walls performed well.

However, damages to reinforced soil walls duriagheuakes were also reported in

literature (Tatsuoka et al. 1996; Huang 2000; Lamg Leschinsky 2005) as depicted

in Fig. 2.3 and Fig. 2.4. Increase in applicatiaisreinforced soil walls and its

satisfactory performances and few failures durirgthejuakes draw attention of

researchers, to study behavior of reinforced sethining walls under seismic

conditions.

@—.
o

———

H-shaped
piles

(Te=29kN/m) |

Fig. 2.3 Cross-section of geogrid wall suffered sadamage during 1995 Hyogo-ken
Nanbu Earthquake (Tatsuoka et al. 1996)

2.4.1 Physical model studies

Dynamic behavior of reinforced soll retaining stures by shaking table tests
has been the subject of several researchers fgratstethree decades (Richardson and
Lee 1975;Koga et al. 1988; Sakaguchi et al. 198Rjrata et al. 1994; Telekes et al.
1994; Palmeira and Gomes 1996; Matsuo et al. 1P@8ez 1999Watanabe et al.
2003; Perez and Holtz 2004; Lo Grasso et al. 2@B%mam and Bathurst 2004,

2005 and 2007; Ling et al. 2003&rishna and Latha 2007; Sabermahani et al. 2009

etc.).
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Fig. 2.4 Large deformation in geosynthetic reinéatenodular block wall during Chi-
Chi (Taiwan) Earthquake (after Huang, 2000)

Richardson and Lee (197%onducted small scale shaking table tests on
reinforced soil retaining walls with aluminum sheeand aluminum foils as
reinforcement. They had observed that the reintbeml walls failed either due to tie
break of reinforcement or pull out of reinforcemeitt was recommended that
reinforced earth wall should be designed for a lokectors of safety with respect to
pull out than for tie breaking. Richardson et 4B{7) performed seismic testing on
full-scale reinforced soil walls by generating lstvain dynamic loads using vibrator

and high strain dynamic loads using blasting.

Nakanishi and Sakaguchi (1990), Sakaguchi et &9} and Sakaguchi
(1996) carried out shaking table tests on reinfbreall models of height 1.5 m.
Influences of various parameters, such as densibackfill, reinforcement strength

and length on seismic behavior of reinforced saillsvwere observed. The models
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were excited using sinusoidal loading with accéleraupto 0.7g at 4 Hz frequency.
It was observed that the reinforced zone actedrasr®lithic body with no evidence
of yield surface, propagating across the reinfomamlayers, even after the
developments of large wall displacements.

Murata et al. (1994) reported the results of shgkable tests carried out on
reinforced embankment model with a crest width 463m contained by two 2.5 m
high walls constructed with gabion baskets androttatinuous concrete panel. The
model was subjected to both harmonic and actudahaaake records. The models
subjected to harmonic excitation generate largésra@tions than the actual record.
The effects of facing stiffness on response of svalibjected to earthquake load were
also being investigated.

Telekes et al. (1994) summarized the results ofkisgatable tests on
reinforced embankment models and presented thetefté scale factor, slope angle
and reinforcements. The results of shaking taldésten models of different scales
(1/6 and 1/9) were compared and observed the resptnacceleration and eigen
frequency.

Sakaguchi et al. (1994) and Sakaguchi (1996) choidg centrifuge tests of
150 mm high reinforced soil wall using 30g accdierato represent 4.5 m high wall.
The tests were conducted for wall models with thypes of geotextile reinforcement
and light weight facing blocks. It is observed, ttldenser the sand in model
embankment, smaller the displacement of facing.

Koseki et al. (1998) performed series of shakifetdests on relatively small
scale models of GRS retaining walls with full heigigid facing and conventional
type retaining walls (gravity, leaning and cantdevypes). Tilt table tests were also

conducted on the model walls. Seismic stabilityhafse different types of walls was

TH-1326_08610406



Literature Review 16

evaluated by both the test methods and compardd tivt values predicted by the
conventional pseudo-static approach. It was obsetivat the major failure mode was
overturning with tilting of the wall face, which m&ave been triggered by a bearing
capacity failure in the subsoil below the wall fagi

Matsuo et al. (1998) conducted shaking table test<GRS retaining wall
models with variation in geogrid length, wall hetigall facing type, wall slope and
input acceleration waveform to observe the behaa reinforcement mechanisms.
The test results are compared with the results sefugo-static seismic stability
analysis and it was showed that current design odefitovides a margin of safety
against the failure of reinforced soil walls. Ramsitkna et al. (1998) presented the
results of model tests of geotextile wrap-facedy(F.5) and segmental retaining
walls of 0.95 m wide, 2.05 m long and 0.81 m higihbjected to horizontal base
acceleration. The lateral movements of both waksenmonitored. The wrap-faced
wall moved laterally at acceleration of 0.25g aregmental retaining wall at
acceleration of 0.45g. An analytical method wasgssted to calculate the critical

acceleration (i.e the acceleration before latex@lement is initiated) of the model.
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Fig. 2.5 Test setup and cross section of model ezaikidered by Ramakrishna et al.
(1998)
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Tatsuoka (2002) described the staged constructimredure of GRS retaining
walls with a full-height rigid facing cast-in-plac&éhe dynamic performances of wall
models from shaking table tests were also repoKedeki et al. (2006 and 2007)
summarized several aspects of the seismic stalfitgeosynthetic reinforced soil
structures referring to these test results.

Ling (2003) reviewed several shaking table testelooted on reinforced soil
retaining walls and observed the contribution ofl fecing to the better performance
of walls in terms of deformation and accelerati@sponse. The requirement of
additional test results for the purpose of valwgtinumerical procedures and
centrifuge models were also emphasized.

Watanabe et al. (2003) conducted 1-g model shalkisigon relatively small
scale models of six different types of retaininglsveesting on level ground (Fig. 2.6).
The wall models were about 500 mm high and the @ulbsd backfill constituted
very dense dry sand layers. It was reported thatréinforced soil retaining walls
showed more ductile behavior than conventional tgpeetaining walls at high
seismic loads. It was also observed that the eixterss several upper reinforcements

effectively improve the seismic stability of reinéed soil-walls.

155 1 140
Surcharge LkPa

Burcharge 1kPa

. Gravity type(G) Leaning typ

J SR 140 " 14} ==ty
20 +— Surchargs 1kPas =15+ Surcharge 1LkPa

= E. Rcmiﬂ?cc--clll—-nf. type {;} -5l 1)-])&"3-:(.11 ]
Fig. 2.6 Different types of retaining wall modellNsaon level ground (after Watanabe
et al. 2003)
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El-Emam and Bathurst (2004, 2005 and 2007) corduatseries of shaking
table tests on instrumented, reduced scale remdosoil wall models constructed
with different toe boundary conditions, facing placenfiguration and reinforcement
layout (Fig. 2.7 and Fig. 2.8). The effects of vas parameters on seismic behavior
of reinforced soil walls were studied. The toe baany condition and facing pane
configuration were found to have significant effect model response. It was also
observed that magnitude and distribution of conaadbads significantly affected by

the reinforcement length, vertical spacing andrstgs of reinforcement.

facing panel

N 0.038 or
0.076 m dBori0m
on Ei‘—’l 0.078m | 08 m 0.038 m 1 06m |
RELURT -

reinforcement layers

Fig. 2.7 Reinforced wall model configuration (afig8-Emam and Bathurst 2004)

plywood
0.076 m O 0.6m N 1.80 m ., back
T strain gauges
extensometer cables
\Q
10m reinforcement \\‘sand backfill
\
load cell m+— accelerometer \'
» 1 |
l t plywood base . Qlued sand layer x|
b 4 Y
LVDT \
\ «—O0—> * rigid
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\ ) _\ wall
accelerometer glide rails  avtansnmatar nada shaking table platform

Fig. 2.8 Model configuration and instrumentatiopigd for reduced scale RS walls
(after EI-Emam and Bathurst 2005)
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Ling et al. (2004) conducted model tests in cemfyef to study the dynamic
behavior of GRS walls. The wall facing deformatiorstrains in the geogrid
reinforcement layers, the lateral earth pressureésgon the facing block and vertical
stresses on foundation were reported. Dynamicefigtement simulations were
adopted to study the same. The experimental aneémncahresults were compared.

Lo Grasso et al. (2005) conducted shaking tablés tés observe the
performance of reinforced soil slopes. Typical geosnof the reinforced slope before
and after the test is shown in Fig. 2.9. The eftécurcharge on altering the shape of
failure surface mechanism was reported. An appratety circular surface failure
mechanism for slope with surcharge and two-wedgeréamechanism for slope

without surcharge is observed.

(a) Before test (b) After test

Fig. 2.9 Test slope before and after shaking &gst(Lo Grasso et al. 2005)

Ling et al. (2005a) conducted shaking table testshoee large scale 2.8 m
high modular block geosynthetic reinforced soil liwgFig. 2.10) that were subjected
to simulated Kobe earthquake motion. It was demated that the seismic
performance of the wall could be increased by asireg the length of the top
reinforcement, reducing vertical spacing and grautihe top blocks to ensure the

firm connection to the reinforcement. A large defation and surface cracks were
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reported in the unreinforced zone and behind tlendaof reinforced wall after

seismic shaking as shown in Fig. 2.11.

30, 100 128 80

Fig. 2.11 Visual observation of deformation (a)face cracking behind reinforced
zone (b) settlement behind block facing (after Lengl. 2005a)

Nova-Roessig and Sitar (2006) studied the dynareltabior of soil slopes
reinforced with geosynthetics and metal grids usiegtrifuge tests and observed the
failure mechanism and deformations related to bkckiensity, reinforcement
stiffness and spacing and slope inclination. Ndimt$ failure surfaces other than
some small horizontal displacements and vertiddleseents were reported.

Krishna and Latha (2007, 2009) and Latha and Kes2008) reported
shaking table tests on wrap-faced and rigid-facgdforced soil walls (Fig. 2.12).

Dynamic excitation parameters, surcharge pressutenamber of reinforcing layers,
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types of reinforcement and backfill relative depsiere varied in different model
tests. It was observed that the response of wagdfavalls were significantly
affected by the base acceleration levels, frequafhaking, quantity and types of
reinforcement, backfill relative density and magda of surcharge pressure on the
crest. The effects of these different parameteraiaeleration response at different
elevations of the retaining wall, horizontal saiegsures and face deformations were

also studied.

®P: Pres s ® P: Pressure sensors
+ A: Acce r + A Accelerometer
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Fig. 2.12 Schematic diagrams of typical test walif@urations and instrumentation
adopted by Latha and Krishna (2008)

Sabermahani et al. (2009) conducted a series ofHaling table tests on 1 m
high reinforced-soil wall models. The physical misderere subjected to sinusoidal
input motions at frequencies of 2, 5, 8 and 10 Hee effects of parameters such as
soil density, reinforcement length, spacing anfinr&ss on the seismic response of the
model walls were studied. The deformation modefad sliding toe boundary and
wrap-around wall facing were studied.

Huang (2013) conducted shaking table tests to tmgate the vertical
acceleration response of geosynthetic-reinforcedes subjected to horizontal input

ground acceleration. It was observed that smaticaracceleration at top associated
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with small displacement while large vertical accali®en at top associated with large

displacements.

2.4.2 Analytical studies

The analytical studies were conducted by differesearchers to analyze the
reinforced soil retaining walls and to establisimsadesign curves. Analytical studies
can be divided into two categories: (i) the strangased study, in which load acting
on reinforced soil wall is determined by pseuddistand pseudo-dynamic methods;
(if) the performance based study, in which the ldispment of the wall is determined.
Some of the important analytical studies relatedytmamic behavior of the structures
are discussed below.

Bathurst and Cai (199%)onducted seismic stability analyses of geosyriheti
reinforced segmental retaining walls (modular blegkls). Stability analyses were
developed within the framework of a pseudo-stappraach that gives factors of
safety against collapse mechanisms or rupture ohpoment materials. The
Mononobe-Okabe (1929) method was used to estimgt@ndgc earth pressures.
Parametric analyses of forces and factors of safdgted to external, internal and
facing failure modes for walls constructed on cotepefoundations were presented.
Fig. 2.13 and Fig. 2.14 show the calculation detafl dynamic earth pressure and
reinforcement loads, respectively, using the pseadiic method. Cai and Bathurst
(1996) described the application of conventional displageimethods to estimate
seismic induced permanent displacements of geosiyotheinforced segmental
retaining walls constructed on firm foundationsrri@nent displacements associated
with three sliding mechanisms were investigatedl:efdternal sliding along the base
of the total structure, (2) internal sliding aloageinforcement layer and through the

facing column and (3) block interface shear betwiaemg column units. A pseudo-
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static method based on the Mononobe-Okabe(1928) peessure theory was used to
determine the values of the critical acceleratissoaiated with each potential failure
mechanism. Newmark’'s sliding block displacement honét and a number of

empirical methods were used to estimate the pemtahsplacements of segmental

retaining walls.

r'(,a, }(H 0.2A Kﬂ‘y’n }rH (KA + o-zﬂKdynJ }’H
(a) static (b) dynamic (c)dynamic (total)
component increment pressure distribution

Fig. 2.13 Calculation of dynamic earth pressureensgismic loading (after Bathurst
and Cai, 1995)
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Fig. 2.14 Calculation of tensile load in a reinfement layer due to dynamic earth
pressure and wall inertia (after Bathurst and C295)

Ling et al. (1997)proposed seismic design procedures for geosynthetic

reinforced soil structures. The procedures wereedasn a pseudo-static limit
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equilibrium analysis, which considers horizontakeleration and incorporates a
permanent displacement limit. Internal and extestability analyses in the form of
tieback analysis, compound stability analysis ancdectl sliding analysis were
conducted to determine the required strength amgtheof geosynthetic.

Ismeik and Guler (1998) analyzed the effect of walting thickness on
stability of full height concrete facing by usingd-wedge failure mechanism. An
analytical method had developed to correlate tifecebf facing thickness with the
amount of geosynthetic reinforcement required ubmdg equilibrium method.

Ling et al. (2001) studied the performance of saverodular-block reinforced
soil retaining walls and reinforced slopes durinigi Chi earthquake of Taiwan in
1999. They had studied six numbers of reinforcellisveand emphasized on the proper
seismic design of the reinforced soil wall. LingdQ2) discussed on application of
sliding block theory to different geotechnical stures. The reinforced soil was
divided into two zones (Fig. 2.15). In this studgimplified procedure was used with

vertical acceleration to calculate yield accelem&nd permanent displacement.

WEDGE B
(REINFORCED ZOME) WEDGE A
_ i |
N T
Y E
i kW g
! krWu* . ‘
H p e
kW, ! g
Wo o  XT

GEQSYNTHETIC

Fig. 2.15 Direct sliding of reinforced soil retangi wall (after Ling, 2001)
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Huang et al. (2003) investigated four geosynthedioforced soil modular
block (GRS-MB) retaining walls that behaved diffetg during the 1999 Taiwan
Chi-Chi earthquake by field surveying and soil itest Pseudo-static analyses based
on the two-wedge failure mechanism with contribataf facing and reinforcement
facing connection strength was used to investitseseismic stability of such GRS-
MB walls. Newmark’s sliding block theory togetherthva ‘displacement diagram’
was used to evaluate the seismic displacementeohvestigated walls.

Ling and Leschinsky (2005) studied several modhlack reinforced-soill
retaining walls, which were failed during 1994 Ndmtidge earthquake and 1999 Chi-
Chi earthquake. The results of analysis indicated thaese walls had adequate
internal stability under estimated site acceleratiBut reinforcement length was
inadequate to resist compound modes of failure vllee potential failure surface
extends beyond the reinforced zone. It was alsergbd that, the external stability
was most critical in the presence of horizontal eedical accelerations

Huang and Wang (2005) presented a pseudo-statiedbapproach for
evaluating the mechanical effects of facing comptsm@n the seismic displacement
of reinforced soil walls backfilled with cohesioste soils. A multi-wedge analysis
method (Fig. 2.16) over the conventional two-wedgethod was proposed for
seismic stability of reinforced soil wall. It wassa observed that structural facing
component and connection strength between facilgramforcement significantly
increase the seismic stability.

Nimbalkar et al. (2006) determined the internab#itg of reinforced soil wall
under earthquake condition by pseudo-dynamic metiRsgudo-dynamic method
adopted in the analysis considered the effect akpMtifference in both the shear and

primary wave traveling through the backfill duestismic excitation. The horizontal
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slice method was used for determining internalibtalor for tieback analysis of the
reinforced soil. Choudhury et al. (2007) presengdernal stability aspects of

reinforced soil retaining walls.

Wedge P Wadge W Wdga F Wedge B

Fig. 2.16 Failure mechanism and force equilibrimnmiulti-wedge method (after
Huang and Wang, 2005)

Huang and Wu (2006 and 200@alculatedcritical seismic coefficientkfc)
and seismic displacement of some idealized geostintreinforced walls with full-
height rigid panel facing (GRS-FHR walls) using sepdo-static-based multi-wedge
method in association with Newmark’s sliding blottleory. Empirical equations
were developed for the values of critical seismieficient (..;) as functions of
internal friction angleds), the ratio between reinforcement lendth &nd wall height
(Hy) and other factors.

Nouri et al. (2008) studied the effects of horiadrand vertical pseudo- static
forces on reinforced soil structures and evaluditedseismic stability of reinforced
soil slopes and walls using horizontal slice methibchad been observed that the
effect of horizontal seismic acceleration on thepomse of reinforced slopes and

walls depends mainly on the geotechnical strengtiarpeters. The effect of vertical
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seismic acceleration on the performance of reifdrslopes was not significant for
low values of horizontal seismic acceleration. Bghoring the effect of the
amplification phenomenon could result in an undareged design.

Reddy et al. (2008) analyzed pseudo-static seistaiaility of reinforced soil
wall considering displacements of the sliding mabtiquely to the alignment of
reinforcement layers causing non-axial pull (Fid.7. The transverse component of
oblique pull generates additional stress and caresgty larger pullout forces. The
analysis for new Factors of safety had been camigidconsidering the additional

stresses due to oblique pull.
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Fig. 2.17 Reinforced wall with kinematics of defaton of the reinforcement (after
Reddy et al., 2008)

Shekarian et al. (2008)eveloped a new analytical method to determine the
extension force of reinforcements and the distrdoutof reinforced mass in the
determination of active earth pressure on reinfbsal walls. The application of this
approach suggested a pseudo-static method thatatechwith the results of MSEW
software.

Ahmed and Choudhury (2008, 2012) and Choudhury Ahdhed (2009)
developed a design methodology for waterfront meirdd soil retaining wall by
considering both the hydrodynamic pressure anansei®rces acting simultaneously

on the wall.
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Huang et al. (2009) developed a seismic displacenwiterion for
conventional soil retaining walls based on the olagéns of a series of shaking table
tests and seismic displacement analysis using Nekisnsliding block theory taking
into account the internal friction angle mobilizatialong the potential failure line in
the backfill.

Basha and Babu (2009 and 2011) presented a metlealaation of external
and internal stability of reinforced soil walls getted to earthquakes by pseudo-
dynamic approach. The seismic reliability of thellweas evaluated by considering
the different possible failure mechanism such @sng) along base, overturning about
toe, bearing capacity and eccentricity of the tesulforces. Basha and Babu (2010)
presented reliability based optimum design methéms assessing the external
stability of reinforced soil walls.

Huang and Chen (2012) modified limit-equilibrium skbd internal and
external stability analyses considering toe scaurith was observed that a low
reinforcement-facing connection result in full miafation of reinforcement force in
lower most layer of reinforcement and acceleraggldie process. The wall with high
connection strength collapse was due to bearingatiyfailure of toe. A new Factors
of safety of internal and external stability corsidg toe failure was developed.

Mojallal et al. (2012) used upper-bound limit eduium approach and
Newmark’s sliding block theory to develop a group aharts to estimate the
coefficient of yield acceleration and permanendisly displacements of full-height
rigid concrete faced reinforced wall. The effecpafameters such as vertical spacing
of reinforcement, ratio of width to height of spag, ratio of reinforcement length to
height of facing and inter friction angle of soilh omagnitude of permanent

displacements on coefficient of yield accelerati@re also being studied.
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2.4.3 Numerical model studies

Numerical simulation is one of the useful techngjt® study the behavior of
the retaining wall structures. The analytical apgies are based on some
assumptions and cannot represent the real fieldctstf On the other way, the
experimental approaches are costly and time comguamd are associated with the
problems related to repetition and scaling effeétgoroperly calibrated numerical
model can be used to study the real field problean facilitates extensive parametric
analyses. The numerical approaches can be dividedwo major categories: finite
element method and finite difference method. I3 8ection of literature review, the
studies related to the seismic behavior of reirddrsoil retaining wall based on finite
element and finite difference methods have beetudsed. A summary of nhumerical
studies on reinforced soil walls, showing saliegatéires in terms of models and
observations, is shown in Table 2.2.

Yogendrakumar et al. (1992) reviewed two methodgife dynamic response
analysis of reinforced soil retaining wall. Thestfimethod was an iterative equivalent
linear elastic approach and the second was annm&r&l elastic approach. The
response of walls was compared with the tests adadby Richardson et al. (1977).
The results were in good agreement for actual andiehresponse using blast loading.

Cai and Bathurst (1995) presented the results ofi@2 element analysis of
the dynamic response of GRS retaining walls, thereveonstructed with dry-stacked
modular concrete blocks (Fig. 2.18). In the findlement model, the cyclic shear
behavior of the backfill soil was described by athyetic stress-strain relationship.
The reinforcement material was modeled using hgstemodel which takes into
account the measured response of cyclic load-extensests performed on

unconfined geogrid specimen in the laboratory. rfatee shear between wall
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Table 2.2 Summary of numerical studies seismic Wehaf RS retaining structures.

Interface model

. Reinforcing Backfill model - - -
Reference Method Code Facing model model (element) 59”/ soil/wall Observations
reinforcement
Yogendrakumar et . 1 Hysteretic model i .
QUAD4B One dimensional ) . . Good agreement between field test and simulated
al.(1992) FEM & TARA-3 Not used bdam (quadrilateral No slip model Not mentioned result
element)
) Hysteretic . . .
Cai and Bathurst e Linear elastic unload-reload Hysteretic model (4| Slip element obey Effect of dynamic loading on wall Q|splaqement,
Modified ) . : : . interface shear force between facing units, tensjl
(1995) FEM TARA-3 (Quadrilateral model (tension noded isoparametri¢ Mohr-Coulomb Not mentioned force in reinforcement. acceleration response over
element) only reinforcing | element) criterion . ’ p
height of wall
element)
Elastic-plastic Thm soil (_:olumn
lastic-plastic ( 2 ial with Moh with no slip iation of seismi ith diti
Bathurst and Lindakelastid Elastic-plastic (2| material with Mohr- Grout material with | boundary with Variation of seismic response with toe condition
Hatami (1998) FDM FLAC 2D (solid element) nodded Cable Coulomb failure negligible thickness| wall. with Mohr- effect of damping ratio, distance and type of far
element) criterion and non 99 ' ) end boundary.
- Coulomb failure
associated flow rule o
criterion
Hatami and ) ;
Bathurst (2000) El Elastic-plastic ( 2 ElatS tIF-FIa'?ECM h Infl f reinf t stiff inf t
Emam et al. (2001 ; ) astic-plastic material with Mohr- - _ nfluence of reinforcement stiffness, reinforcemen
El-Emam et ;I ) FDM FLAC 2D I(‘slgﬁgre?éanfgﬁt) nodded Cable Coulomb failure Sgoﬁtir;:t?gﬁ:(m?s Not given length or toe restraint condition on fundamental
) element) criterion and non 99 frequency
(2004) associated flow rule
Helwany et al.
(2001) and LinEar eldggl Linear elastic E?Jrg;-?ssogli?d
Helwany and FEM DYNA 3D | (Solid hexahedron (Shell element) | hexahedron Sliding interface Sliding interface Numerical reésudonsistent with laboratory results
McCallen(2001) element) element)
DIANA- . " 1D bounding Pastor-Zeinkiewicz . .
Bruke et al. (2004
u ( ) FEM SWANDY Linear elastic (8 & surface (Bar Ill (8 & 6 node Slip element Slip element Wall facmg deformation, crest settlement and
6 noded element) acceleration
NE Il element) element)
Ling and 1D nonlinear Mohr-Coulomb Sliding interface Sliding interface | Influence of reinforcement length, spacing,
Leschinsky (2003) | FEM M-CANDE | Linear elastic . with hyperbolic soil | follow stiffness follow stiffness stiffness, backfill and foundation soil properties,
eleastic model ; - )
modulus model method method block interaction and connection strength.
. . . ) Generalized : .
Modified Linear elastic (8- | 1D bounding - _ | Elastic perfectly Elastic perfectly . .
Ling etal.(2004) | .\, DIANA- node quadrilateral | surface model (3 g?dsgcabya?r(ijlgteel:r(agl plastic obey plastic obey \é\éﬂ”g(;vlslgsgggr%itggiIgrfos;'tczeitrt\l?grig&cfrtséit
SWANDY | and 6-node node 10 and 6-node fdilgpiusiiure Coulomb failure layer and acceleration amplification.
NE Il triangular element) element) criterion criterion

triangular element)
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Mohr-Coulomb
Fakharian and . . Elastic-plastic ( 2 with hyperbolic o Comparison between predicted result from
Attar (2007) FDM FLAC 2D Linear Elastic nodded Cable stress-_stram model | Grout r_natenal with Slip element numerical model and measured physical result
element for static case and | zero thickness :
element) : from instrumented prototype
hysteretic model for
dynamic case
Plastic- Geologic cap mode| Contact interface Contact interface Wall displacement, backfill settlement, lateral
Lee et al.(2010 i i i ic (4- ; - o i i
( ) FEM LS-DYNA | Linear elastic Kinematic (4 (8-node solid capability of LS- capability of LS- earth pressure, bearing pressure, reinforcement
element node shell tensile load, maximum acceleration in reinforced
element) DYNA DYNA . ) A .
element) soil zone, maximum acceleration in retained zone
Modified Elastoplastic- . . Thin-layer slip Effects of various wall parameters, earthquake
Liu (2009) FEM DIANA- Linear elastic visco elastic Glggtei(rzﬁhsr?]?) del for SR;:?;OrZ?frZ ftrll Y element based orn excitations, behavior of geosynthetics to
SWANDY element bounding surface gand Y boundgd y Mohr-Coulomb earthquake at end of construction and 10years after
NE Il model failure criterion construction.
3 noded one Generalized Thin layer
; DIANA- : : dimensional bar | plasticity model (8- | Thin layer interface | . : Time response of horizontal and vertical
Ling et al.(2010 ; . ; - . ; .
9 ( ) FEM SWANDY Lingar elastic element based on node quadrilateral | having elastic mterface hanifig accelerations, wall deformations, tensile force in
&3noded element) 3 . elastic perfectly ;
NE Il bounding surface| and 3-node perfectly plastic |astic geogrid
concept triangular element) P
1D ba_r element | Drucker-Prager . . Reinforced soil wall with marginal backfill
) following Creep model Thin-layer elements| Thin-layer exhibits two wedae deformation mode. little
Liuetal. (2011) FEM ABAQUS Linear elastic elastop!qails IORAIEE T Helltony [/l plementsggliow influence of creeg rates of soil and reiﬁforcement
6.4 viscoplastic nonlinear and Coulomb failure Mohr-Coulomb . p )
. ; . o . . on reinforcement load, changes in two wedge
bounding surface| cyclic hysteric criterion failure criterion . . A
. failure mode with long reinforcement
model behaviour
Liu and Lin Modified ; Bounding Thin layer of slip ;
g DIANA- petsilly fac_ed wall surfaced model | Generalized element following Wi faged wall Influence of strain softening of backfill soils on
(2011) FEM so no facing s so no facing . >
SWANDY Sleffreht (3 noded bar plasticity model Mohr-coulomb ", 2 deformation and reinforcement load
NE Il element ) failure criterion
Zarnani et al. 2 noded 1-D beam Elastic-plastic ( 2 ?:f:ﬁéfﬁ;ﬂc,w ohr- Reinforcement and EIISV;?\" ?\;)Luth Simple Mohr-Coulomb soil model can give
(2011) FDM FLAC 2D nodded Cable . soil is perfectly g satisfactory result, summarizes lessons for seisric
element Coulomb failure Coulomb : A b
element) - bounded w design and performance of reinforced soil walls
criterion criterion
Krishna and Latha Wrap-faced wall | o oo Mohr-Coulomb Is‘msf:rrnsf%rl'lggvisrj'der Wrap-faced wall | Validated with experimental results and sensitivity
(2012) FDM FLAC 2D so no facing with hyperbolic soil Y 9 so no facing analysis to check influence of backfill friction
beam element Mohr-Coulomb L . h .
element modulus model failure criterion element angle, dilation angle, stiffness properties gediex

FEM — Finite element method
FDM - Finite difference method
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components were simulated using slip element. Ehative displacement, interface
shear between soil and reinforcement, tensile forceeinforcement during dynamic

loading were observed.

modular concrete blocks
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Fig. 2.18 Finite element mesh for simulation ajreental retaining wall (after Cai
and Bathurst, 1995)

Bathurst and Hatami (1998) conducted numerical rnsidelies to investigate
the influence of reinforcement stiffness, reinfanemt length, and base boundary
condition on seismic response of an idealized 6igh lgeosynthetic-reinforced soll
retaining wall constructed with a very stiff contous facing panel. Numerical results
illustrated that the seismic response of the wal wery different, when the wall and
soil is allowed to slide freely and when the waltbnstrained to rotate only about the
toe (Fig. 2.19). Parametric analyses were alsoiechrout to investigate the
guantitative influence of the damping ratio valunel ahe effects of distance and type
of far-end truncated boundary in numerical simoladi The effects of parameters like
reinforcement stiffness, reinforcement length aadebcondition to the displacement

of walls were observed as depicted in Fig. 2.20 .
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Fig. 2.19 Finite difference mesh (using FLAC) obggnthetic reinforced soil wall
(after Bathurst and Hatami, 1998)
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Fig. 2.20 Influence of reinforcement stiffnesspfercement length and base
condition on maximum wall displacement (after Bashand Hatami, 1998)

Hatami and Bathurst (2000) investigated the infagerof a number of

structural design parameters on the fundamentali&ecy of reinforced soil retaining

wall models. The numerical study showed that thed&mental frequency of

reinforced-soil wall models with sufficiently widieackfill subjected to moderately

strong vibrations could be estimated with reasamadtcuracy from available

formulae based on linear elastic wave. Numericallywmes showed no significant
influence of the reinforcement stiffness,

condition, strength of granular backfill and itscfion angle on the fundamental
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frequency of wall models. However, the resonaneguencies of wall models were
dependent on the ground motion intensity and toesertent, on the width to height

ratio of the backfill (Fig. 2.21).
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Fig. 2.21 Normalized maximum lateral displacemdmnwall crest with normalized
frequency (after Hatami and Bathurst, 2000)

Helwany et al. (2001) studied the dynamic behawibsegmental retaining
walls subjected to earthquake loading using shakaide tests. The same models
were simulated using finite element analysis bas®sdputer programme DYNA3D.
Conceptual diagram of the numerical model develageshown in Fig. 2.22. The
study showed that the results obtained from DYNA@&e consistent with observed
results from shaking table tests on segmental whktwany and McCallen (2001)

showed that the segmental facings remained intactughout the earthquake
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simulation, with limited relative deformations amodtations between the concrete

blocks after dynamic excitation.

hinge - | m
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5. Soil-Geosynthetic Interface 3 6 ’ ‘

6. Soil-Block Interface it

7. Seil-Container Interface A S
[a [ ]

.

hince -

Fig. 2.22 Details of finite element mesh of segrakrginforced wall (after Helwany
et al., 2001)

Ling et al. (2004) implemented generalized plastisoil model and bounding
surface geosynthetic model in finite element pracedo simulate the geosynthetic-
reinforced soil retaining wall shaking tests cortddcin centrifuge. The results of
tests, in form of wall facing deformations, strainsgeogrid reinforcement layers,
lateral pressure acting at facing block and vdrtsteesses on foundations, for both
static and dynamic tests were compared. Ling e{28l05b) conducted a series of
parametric studies on the behavior of reinforced wall subject to earthquake
loading, using a numerical model developed (Fig3Rin finite element frame work.
The effects of soil properties, earthquake motiod ainforcement layouts were

studied under earthquake loading.
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Fig. 2.23 Finite element mesh adopted by Lingle2005b)
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Liu (2009) calibrated a finite element model toestigate reinforcement loads
of GRS walls subjected to seismic loading durimyise life. It was observed that the
reinforcement loads during earthquakes after 1@syefconstruction are similar to
those if the earthquakes occur after end of coastru (Fig. 2.24). It was observed
that under same seismic loading, little variatiomainforcement loads for GRS walls

with various backfill peak strengths.
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Fig. 2.24 Reinforcement loads of GRS walls sulieceismic loading at end of
construction (EOC) and 10 years afterward (afteraG09)

Lee et al. (2010) conducted numerical model stuthesimulate full-scale
shaking table tests on GRS walls subjected to buwdhizontal and vertical

accelerations (Fig. 2.25). The backfill soil wamnsiated with a geologic cap model.

) A (node used to determine ¢
A (node used to determine @y, A (node used to determine @) { o

Wall 1 Wall 2

Wall 3

i
fo
§or

Fig. 2.25 Finite element mesh used for numericalgation of three wall models
(after Lee et al. 2010)
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The responses of numerical model in the form ofl vdidplacements, backfill
settlements, and lateral earth pressures, bearasgyres, reinforcement tensile load

and absolute maximum acceleration in reinforced ra@tained zone were compared

with shake table test results (Fig. 2.26).
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Fig. 2.26 Wall face peak horizontal displacememhpgarison (after Lee et al. 2010)

Ling et al. (2010) reported shaking table testsfulhscale reinforced soil
retaining walls subjected to earthquake loadinge Thodels were subjected to
horizontal acceleration alone and both horizontadl aertical accelerations. The
numerical simulations of models were conducted gidinite element method. The
soil was modeled using generalized plasticity maael geosynthetics were modeled
using bounding surface model. The results obtafnmth the numerical simulations
were compared with experimental results and foorfektreasonably compared.

Liu et al. (2011) developed a finite element maafeGRS walls with marginal
backfill subjected to seismic loading during thesrvice life. The study highlighted a
distinctive two-wedge deformation mode under streagmic loading (Fig. 2.27). It
was also observed that creep rates of soil andoreement had small influence on
reinforcement load and deformation mode, but reocgment stiffness played a major

role and could be restricted with sufficiently loregnforcement (Fig. 2.28).
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Fig. 2.27 Plastic shear strains within soil fopatk acceleration and at end of
shaking (after Liu et al. 2011)

Inner Potential Failure Surface AP0t 40 Degree Outer Potential
(near Rankine Surface) —>-~ {rom Horizop! g

8

+6.870e-02
[571e-02

9 -02
+5.673e-02  Inner Potential Failure Surface Outer Potential Failure Surface
2 = (near Rankine 5“[::") " Developed unremarkably

¢

Time at 8.52s e Wi 12m away from seing Z =
. e !
from Hori BytsametTall Back of Facing Time at 8.52s Bottom of Wall 17.5m away from

Back of Facing

Fig. 2.28 Plastic shear strain within soil for fenrcement lengthL() 0.5H and
L=1.0H (after Liu et al. 2011)

Zarnani et al. (2011) simulated dynamic responsehaiking table tests on
reduced scale reinforced soil wall models. The maysand numerical models were
subjected to stepped amplitude of sinusoidal beseleration. The soil was simulated
as cohesionless material with linear elastic-ptastsponse of Mohr-Coulomb failure
criterion. The comparison of results with physioaddel tests showed that a simple
elastic-plastic model was sufficient, to predict llwdeformation, footing and
reinforcement loads provided, the values of shewr laulk modulus are selected
accurately with reasonable accuracy.

Krishna and Latha (2012) developed numerical modedisng FLAC to
simulate shaking table tests of reduced-scale aegd reinforced soil wall subjected
to uniaxial shaking (Fig. 2.29). Sensitivity ana&gswere carried out on validated

numerical model to observe the effect of frictiomgke, dilation angle, stiffness and
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tensile strength of reinforcement and stiffness iterface between soil and
reinforcement. The results showed that friction ditdtion angle of backfill material
and stiffness properties of geotextile-soil intefavere most affecting parameters of

model response.
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Fig. 2.29 Numerical grid considered for reinforced retaining wall model (after
Krishna and Latha 2012)

Liu and Ling (2012) studied a calibrated finite ent model of wrap-faced
reinforced soil wall to investigate the influendestrain softening of backfill soils on
deformation of backfill and reinforcement load (FB&30). The numerical models
were developed with three different types of bdtldoils (dense Toyoura sand,
medium dense Japanese silty sand and loose Fugr rpand) subjected to
accelerations in the range of 0.1g to 0.6g. It waserved from the study that
permanent deformation of GRS wall attributed to pantion of backfill, smeared
deformation soil; shear deformation of along slipface and free field displacement
of retained earth (Fig. 2.31). Three distinct modedeformation of seismic loading
were observed: the relative compaction betweenfamied soil zone and retained

earth, shear deformation of whole wall and slidieformation along slip surface.
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Fig. 2.30 Finite element mesh of wrap-faced wdtkefa.iu and Ling 2012)
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Fig. 2.31 Octahedral shear strain in reinforcabivealls with different types of sands
as backfill (after Liu and Ling, 2012)

Lee and Chang (2012) used a validated finite el¢nmemdel to conduct
parametric study of GRS walls subjected to multelsional ground motion shaking.
The parameters evaluated from the study were: gitiht, wall batter angle, soil
friction angle, reinforcement spacing and reinfoneat stiffness. Multivariate
regression equations were developed using FEM tsesof various seismic

performances based on design parameters of GRS. wall
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Liu et al. (2014) investigated similarities and feliEnces of seismic
performances between single and multi-tiered reaefd soil walls using validated
finite element model. It was observed that reson@eguency of multi-tiered
reinforced soil wall increases with increase inm-a#set. It was also observed that
reduction of facing displacement, reinforcementdlaand their distribution with
height, in multi-tiered reinforced soil walls compd to that of single vertical

reinforced soil walls.

2.5 CRITICAL APPRAISAL

The literature related to the static and dynamibaber of reinforced soll
retaining walls was reviewed. The physical modetlies include shaking table tests,
mostly on small scale models (Sakaguchi et al. 1B®2eki et al. 1998; Ramakrishna
et al. 1998; Watanabe et al. 2003; EI-Emam and Bstl2004; Krishna and Latha
2007 etc.); and a few large scale models (Murat.et994; Ling et al. 2005a etc.)
as well as centrifuge models (Sakaguchi et al. 128% et al. 2004; Nova-Roessig
and Sitar 2006 etc.). The numerical model studietude the simulations of GRS
wall models using finite element method (Cai andhBest 1995; Helwany et al.
2001; Ling et al. 2004; Liu et al. 2011 etc.) amdiaite difference (Bathurst and
Hatami 1998; EI-Emam et al. 2004; Fakharian andrAR007; Krishna and Latha
2012 etc.) approach. The analytical studies basepseudo-static (Bathurst and Cai
1995; Ling et al. 1997; Huang et al. 2003; Nourakt2008 etc.), pseudo-dynamic
(Nimbalkar et al. 2006; Ahmed and Choudhury 2008st& and Babu 2009 etc.) and
displacement analysis (Ling 2001) and some desigves are suggested considering
different parameters. The review of literature gsinout the following important

points:
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* Most of the physical and numerical studies targétedbserve the effect of
different aspects such as reinforcement paramdtaing parameters and soil
parameters on seismic performance of wall.

* The model studies are focused on analyzing theornsspin terms of wall
displacements, lateral pressure, acceleration fogtion and reinforcement
load/strain against variations in different reimfment parameters like
stiffness, spacing, length etc. and seismic exariaparameters. Very few
studies are available on the strain behavior of baekfill soil and
corresponding reinforcement strains and deformatares formed at backfill
of reinforced soil wall.

» Formation of deformation zones in the model studvwes not discussed in
detail. But this aspect was given importance in @émalysis of GRS wall
failure case studies during earthquakes.

» Facing contribution in the stability of the walsmot being considered in the
design aspects. However, few researchers hightigtite importance of this
parameters on the structure behaviour.

» Further, most of the studies were considered idedlseismic excitations in
the form simple sinusoidal dynamic shaking at fixedquency levels.
Limited studies are reported in exploring the dffet actual earthquake

ground motions on the performance of structure.

2.6 OBJECTIVES AND DETAILED SCOPE OF WORK

Objective of the study is to investigate the dyramisponse of reinforced soil
retaining walls (RSRW) with more emphasis on straariations in soil and

reinforcement members. To analyze formation of de&tion zones in RSRW of
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different facing. Evaluating the effect of diffetesarthquake ground motions which

are rich in frequency content on behavior of raicéd soil walls is another goal of

the project.

To achieve the above objectives, through numesicalilations, the following

scope is formalized.

TH-1326_08610406

To verify different modeling options for component$ reinforced soill
retaining walls — backfill soil, reinforcements,damterface between soil and
reinforcement and reinforcement and facing.

Development of numerical models of two types ohi@iced soil retaining
walls: Wrap-faced and rigid-faced reinforced so#lwmodels representing
fully flexible and rigid wall systems.

Validation of numerical models with physical modesults available in
literature and to extend the models to full scatelets.

To conduct parametric studies to observe the infltaeof parameters like
reinforcement length, reinforcement stiffness, nambf reinforcing layers
and backfill soil parameters on response such amdmal displacement,
vertical displacement, acceleration amplificatiowl &orizontal pressure.
Analysis of strain behavior of reinforced soil fatag walls in terms of
octahedral shear strains developed in backfill aod axial strains developed
in reinforcement.

Comparison of strains with the horizontal and waitdisplacements along the
length of wall to observe the probable location deformation zones in
backfill soil.

Analyzing the responses of wall models subjectedraal earthquake

excitations to observe the effect of frequency enhbn response.
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2.7 SUMMARY

This chapter presented the review of the literatetated to the design and
analyses of reinforced soil retaining walls sulgdcto seismic excitation. Design
considerations for the reinforced soil retaininglsvare discussed briefly. Review of
the studies on seismic analyses of GRS walls wesepted in three parts: physical
model studies, analytical studies and numerical ehstudies. Critical Appraisal of
the literature and needs for further understandihghe seismic behavior of GRS

walls followed by detailed scope of the presentlgtwere presented.
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Chapter 3. DESCRIPTION OF NUMERICAL
PROGRAMME AND M ODEL PROPERTIES

3.1 INTRODUCTION

Numerical modeling techniques are powerful toolat thave been used to
study the behavior of various structures under evgriof loading conditions.
Numerical models are particularly advantageousitmagons where the prototype
structures are too big to be tested in laboratéven if they can be tested using small
scale models, it is difficult to analyze varioushaeoral aspects owing to the
limitation associated with the instrumentation atedliousness in repeating the
laboratory tests for variety of parametric varimoNumerical studies on GRS walls
have been started in early nineties and becominge rpopular due to advent of
increasing computational facilities. The responsawmnerical model depends on the
selection of constitutive relations for differentatarials involved in the model and
their parameters. The reinforced soil retaininglwamprises of soil, reinforcement
and facing elements. These materials are dissimitar proper interface behavior
between them shall also be considered for propaulation and analyses. In the
present research program, FLRGFast Lagrangian Analysis of Continua 3D, (ltasca,
2008, Ver. 3.1) is being adopted for numerical niageof the dynamic behavior of
GRS walls. Brief description of the numerical pamgme, and implementation of

constitutive models and their properties are priegseim this chapter.

3.2 OVERVIEW OF FLAC *°

FLAC® is a commercial geotechnical finite difference grgeonme that is

being applied to analyze wide range of geomechapgp$ications. It uses an explicit

45
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Lagrangian calculation scheme and mixed discrétizazoning techniques, for
accurate modeling of plastic collapse and plasiiev fbehavior of materials in
addition to elastic behavior. The non-linearitysimess/strain laws can be solved in
same computer time as linear laws in explicit sahebut implicit solution take
significantly longer time to solve non-linear preii (Itasca 2008). The model
response will be derived from the mathematical rhoflenaterial and its numerical
implementation. The mathematical models are derivech rate of strain, laws of
motion and constitutive equations defining the lded material. In numerical
implementation, laws of motion for the continuure &ransformed into discrete forms
by finite difference approach. The resulting syst@nordinary differential equations
is then solved numerically using an explicit finiidference scheme.

In FLAC®P, material zones are represented by polyhedral esiesmwithin a
three-dimensional grid. The model solving involNeegie number of calculation steps.
For every time step new strain rates are calculéted nodal velocities. The new
stresses are calculated from strain rates andsefest previous time using
constitutive equations. The equations of motion iak®ked to derive new model
velocities and displacements from stresses (1ta808). The calculation sequence of
FLAC® is illustrated in Fig. 3.1. The maximum unbalandecte in the model is
monitored to confirm the convergence of solutiohesae. This unbalanced force will
either approach zero, indicating system is appriogchquilibrium state, or approach
a constant non-zero value, indicating plastic flomaterial. The model is assumed
to be in equilibrium when the maximum unbalancextdoratio falls below 1x19
(Itasca 2008). Unbalanced force ratio is the raéitwween the magnitude of maximum
unbalanced force and the magnitude of the averpgked mechanical force within

the mesh.
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Equilibrium Equation
(Equation of Motion)

new new
velocities and stresses
displacements or forces

Stress / Strain Relation
(Constitutive Equation)

Fig. 3.1 Basic calculation sequence in FERQtasca 2008)

3.2.1 FISH programming

FISH programming language is one of the most ugefilres in FLAEP that
can be used to implement user defined constitutivedels and to perform
programming techniques. Defining FLACmodel variables, operating conditional
statements, and loops for repetitive tasks areid®d in FISH. These help to carry out
user defined mathematical operations, define nemabigs and functions, extract
stresses, strains and displacements from analyslsadso to set zone properties
directly from functions. The users can define thewn constitutive model by
programming in FISH and can be implemented in FEAC

The constitutive behavior of geologic materialseigresented by their material
models. FLACG® has twelve built in material models to represeffeent geologic
materials. Three of the material models are intielanodel group and eight are of
plastic model group. The other is the null modeichtcan be used to represent a void
or excavated material. Beside these built in carste models, the user can

implement own constitutive model using the FISHgsaonming language.
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3.2.2 Structural elements

Structural members (beam, pile, plate etc.) orfoecements, to support and
stabilize rock or soil mass, are important aspettgeotechnical analysis and design.
The structural members and their interaction wattkror soil mass can be modeled in
FLAC®P by built in structural elements. FLABhas six forms of structural members:
beam element, cable element, pile element, sherheht, geogrid element, and liner
element. The beam, cable and pile elements areliomensional elements and shell,
geogrid and liner elements are two dimensional etém

The structural element can either be independentonipled to the grid
representing the solid continuum. Mutual interactietween the structural elements
is through nodes. Structural nodes interact wittdsgthrough links. The link supports
three attachment conditions — (i) free when velooit source node is unrelated to
velocity of target entity, (ii) rigid when sourcedre is slaved and velocity of source
node remain equal to velocity of target entity) (deformable when source node and
target entity is connected by a spring and spriiffpess is average stiffness per unit

area associated with link (Itasca 2008).

3.2.3 Dynamic modeling in FLAC®®

The dynamic analysis is based on solving the egustof motions using
lumped grid point masses derived from the densitysurrounding zones. This
formulation can be coupled to the structural elenmeadel, thus permitting analysis
of soil-structure interaction brought about by grdshaking (Itasca 2008).

The dynamic analysis for FLAEmodel is based on three aspects. These are:
(1) dynamic loading and boundary condition (2) nsubal damping and (3) wave

transmission through the model.
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In FLAC®, a region of material subjected to external anihftarnal dynamic
loading can be modeled by applying a dynamic ifqmundary condition at either the
model boundary or at internal grid points. Oneh&f tollowing ways may be adopted
to apply dynamic input in FLA® model: (1) acceleration histories; (2) velocity
histories; (3) stress (pressure) history and (dddistory (Itasca 2008).

In static analysis, fixed or elastic boundaries t@nrealistically placed at
some distance from the region of interest. But ynainic analysis, such boundary
condition cause reflection of outward propagatirayves into the model and do not
allow necessary energy radiation. Of course, uséafer model minimizes the
problem, since material damping will absorb mostha energy in waves reflected
from distance boundaries. However, this leads tgela computational burden.
Alternatively, FLACP enables two types of dynamic boundary conditi¢ths: quiet
(viscous) or free-field boundary conditions to reelihe wave reflections at model
boundaries.

Material damping in numerical simulation shouldaiée to reproduce the magnitude
of energy losses in the natural system subjectetlyt@amic loading. Four different
forms of built-in damping options available in FLACare: Rayleigh damping, local
damping, artificial viscosity and hysteretic dangpiRayleigh damping is commonly
used to provide damping that is approximately fesouy-independent over a
restricted range of frequencies. Local damping atesr on overall conservation of
mass. Mass is added when velocity changes signsabttacted when it passes a
maximum or minimum point. The amount of energy adder removed is
proportional to the maximum transient strain eneagg hence independent of rate
and frequency. A third form of damping, artifichalscosity used for analysis with

sharp dynamic fronts, is also available in FRCHysteretic damping is a fully non-
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linear method capable of implementing modulus ddéagfran with changes in cyclic
strain. However, if a constitutive model that @ns an adequate representation of
the hysteresis, that occurs in real material, theradditional damping is necessary
(Itasca 2008).

Numerical distortion of propagating wave in dynammalysis is a function of
modeling conditions. The size of grids should Heaed in such a way that, the mesh
size of the model shall be approximately small@ntbne-tenth to one-eighth of the
wavelength associated with highest frequency compbof the input wave for
accurate transmission of wave through the modehigueyer and Lysmer 1973).
The speed gbi-wave ands-wave propagation through medium can be calculasatl

following relationship:

C, = ’K+4—G/3 31
p

Cs= [%/, 3.2

Where(,, =speed of p-wave propagation through medidm:= speed of s-wave
propagation through mediur; =Bulk modulus of mediumG = Shear modulus of
medium;p = mass density of medium

The maximum frequency that can be modeled accyrdtal vertically
propagating waves is (Kuhlemeyer and Lysmer 1973):

Cs Cs

f = N = 1041 3.3

where f = frequency of vertically propagating waves;= wave length

associated with highest frequency componght= largest zone dimension in model

(consideringdl = 1 /10).
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3.3 MATERIAL MODELS FOR NUMERICAL SIMULATION

Modeling the reinforced soil retaining walls congas of backfill soil, facing
and reinforcement elements and interface elemeetween dissimilar materials.
Various components of numerical models of wrap agdl-faced reinforced soill

retaining walls and their model parameters areudsed in the following sections.

3.3.1 Backfill soil

Static and dynamic behavior of any soil in numéraszalyses is governed by
the choice of appropriate constitutive model. Déf& researchers simulated the
behavior of backfill soils with different constitué models. For example, Mohr-
Coulomb shear criteria, modified generalized ptitstimodel, geologic cap model,
and time dependent generalized plasticity model,ligted in Table 2.2. The
numerical model studies by Huang et al. (2009) Zachani and Bathurst (2011)
showed that numerical models of reinforced soillsyalvith simpler constitutive
model are adequate to predict the static behawidrits hysteretic behavior during
cyclic loading.

In present study, the static behavior of soil imdated with elasto-plastic
Mohr Coulomb material, coded with stress dependgygerbolic soil modulus
proposed by Duncan et al. (1980). Dynamic behagi@mulated as non-linear and
hysteretic constitutive relation that follows theasing rule (Masing 1926). The
numerical implementation of the constitutive modsing FISH programming is

presented in the following sub-sections.

Backfill Material Properties from Physical Tests
The backfill material used for physical model of &®all, as described by

Krishna (2008), is considered for the developmdntemforced soil wall. The soil,
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used in the shaking table tests, had maximum drghwveof 17.66 kN/m at the
densest state and minimum dry unit weight of 14B&n° at the loosest state. The
angle of internal friction obtained from triaxigsts on sand at relative density of 63%

was reported as 43° (Krishna 2008).

Constitutive Model for Backfill Soil

In numerical models of GRS walls, the backfill ssilsimulated in layer by
layer as illustrated in physical model tests (Kmatand Latha 2007, 2009 and Latha
and Krishna 2008). As the model is simulated iretay confining pressure on each
zone changes with change in height of fill and leethe modulus. Hence the modulus
during construction is modelled as stress dependefarmation modulusg), that
change as the height of the soil changes. Henedyabkfill soil is modeled as elasto-
plastic Mohr Coulomb material coded with hyperbaal modulus. The hyperbolic

stress dependent soil modulus is expressed as£&(PG3ncaret. al. 1980).

- 2 n
EI =|1- Rf (1_S|n¢)(0-l._0-3) Kn-Pa & 34
2(c cosp+0o, smqo) P

whereKy is the modulus numbem;is the modulus exponent;is the cohesiony; and

o3 are the major and minor effective confining stragspectivelyyp is the angle of
internal friction; R is the failure ratiop, is atmospheric pressure. Krishna (2008)
determined the hyperbolic soil parameters as meetidy Duncan et al. (1980), from
laboratory triaxial test data. The hyperbolic modatameters,, n and averageé

obtained by Krishna (2008) for backfill sand at 688fative density were 831, 0.678

and 0.93, respectively.

As FLAC®® do not have built in hyperbolic model, the modsinicorporated by FISH

subroutines (ltasca 2008). The principal stresseandos) are extracted by FISH
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variables from each element of the model afterye\dér steps and stress dependent
modulus E) is calculated. The modulus is then updated usarge variables in FISH

programme.

Numerical Triaxial Tests

Numerical triaxial tests are performed to verifye timplementation of
hyperbolic soil model parameters in backfill sél.cylindrical grid of diameter 38
mm and length 76 mm is considered for simulatiomwmerical triaxial test. The

numerical model considered for triaxial test samplehown in Fig. 3.2

Fig. 3.2 Numerical model of triaxial test sampl&a(88 mm & height 76 mm)

The soil is simulated as elasto-plastic Mohr Coulomaterial coded with
hyperbolic soil modulus proposed by Duncan ef18B0). The angle of internal
friction and other hyperbolic model parameters a&ntioned in Krishna (2008) are
considered in numerical simulation. The all arogodfining pressures of 10 kPa, 50
kPa, 100 kPa and 150 kPa are applied to the mdde. results obtained are
compared with physical triaxial test results (Krial2008) and are shown in Fig. 3.3.

Comparison of the results between numerical andipalytriaxial tests, at different
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confining pressures, indicates that the deviat@sses in numerical simulations are
reasonably comparable to that of physical testss Validates the hyperbolic model
parameters obtained from physical model tests &sulis proper implementation in

numerical modeling.

700 | 03:150 kPa |

600

500

400

300

Deviator stress, kPa

Numerical
- = - Physical(Krishna 2008)

200

0.00 0.03 0.06 0.09 0.12
Axial strain

Fig. 3.3 Comparison of results between numericdlg@ysical triaxial tests at
different confining pressure

Fig. 3.4 shows variation of stress ratio with respe the octahedral shear
strain () obtained from numerical triaxial tests at difiereonfining pressures. The
variation of stress ratio with respect to octahkedreear strain is divided into three
zones. They are: (I) Elastic zone - the stress sdrain variation is linear and and
elastic (II) Non-linear zone — stress and stratersependency is non-linear and (lll)
Plastic zone - the stress increase is not sigmificampared to the strain increment
indicating plastic deformation. From the figureist seen that the elastic zone is
extended upto octahedral shear strain of 0.3%,linear zone lies within 0.3% -

2.0% strain levels)) and plastic zone exist beyond 2.0% stragn)(
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Fig. 3.4 Behavior of soil in numerical triaxial cpnession
Constitutive Model for Soil during Cyclic Loading

In the numerical model, subjected to seismic ekoita use of constant shear
modulus during cyclic loading is not appropriate da cyclic/hysteresis nature of soil.
Massing model (Masing 1926) is the simple cyclicdelowhich can incorporate
cyclic as well as hysteric behavior of soil. In Mexg rule, a skeleton curve is used to
express hysteresis loop in unloading and reloagmgess. A proper hysteresis loop
can be simulated efficiently with skeleton curveMassing rule. The shear behavior
of granular soils under cyclic loading is modelesing non-linear and hysteretic
constitutive relation according to Massing rule it 1926). Cai and Bathurst
(1995); Fakharian and Attar (2007) and Liu et &01(1) were also adopted the
Masing rule for two dimensional numerical simulasoof GRS Walls. Schematic
representation of shear stress and shear straitorelduring unloading and reloading
cycles, according to Masing rule, is shown in Bdh. Here, octahedral shear stress

Toct anNd octahedral shear straig; are used to represent stress and strain conditions
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three dimensional states. The octahedral stressteand states are calculated from six
stresses and strains acting on each element. Thhealral stress invariants, namely
octahedral normal stress,.: and octahedral shear stregg; are stress parameters
independent of the choice of reference axis angtadao analyze the stress variation

(Chen and Mizuno, 1990).

1
Opct = 5(01 + 0, + 03) 3.5

Toct = g[(% —03)%+ (0, — 03)* + (03 — 01)2]1/2 3.6

where g;,0, andoy are the principal stresses on an element. Siypitad octahedral
strain invariants are strain parameters independénhbe choice of reference axis
(Chen and Mizuno, 1990) and are expressed as

2 2 1
Yoct = 5 [(Exx — €yy )2 + (Eyy - ezz) + (ezz - exx)z + 6(6xy2 + Eyzz + ezxz)] /2
3.7

Whereexy, gy, €22, Exy, €yz@Nde,, are strain parameters acting on each elementes th

dimensional state.

G Stress-strain cap
max

Yeoct Unload Ye et

(¥ oct Tr oct)

Fig. 3.5 Non-linear hysteretic stress-strain madejranular soil: (a) stress-strain cap;
(b) unload-reload cycle (modified after Cai andmst 1995)

In the Masing model, the shear modulus is deterthore the basis of stress
and strain states that may vary during cyclic lngdcondition. The tangent shear

modulus during the first cycle is expressed as
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G, = Gmazx 3.8

- [1+(Gmax/7—'max ,oct)|y€_00t|]2

whereG,,q, is the initial shear modulus,,, ¢ is the maximum octahedral
shear stress which is related to shear parametesoilbthrough cohesiom and
internal angle of frictiong andy. ,., is the octahedral shear strain. The initial shear
modulusG,,,, IS extracted from each soil element by FISH vdeskbefore the
application of dynamic excitation. The tangent mlad during unloading/reloading

cycle is

G, = Gmax ; 3.9
[1+ (Gmax/z'fmax_oct) 1Aoct |]

where Ay,.: represents the difference in octahedral sheaainstduring
unloading/reloading cycle. In unloading case asquials tQye ot — Vi oce) and in
reloading case it i6/c oct — Vroct): Yeoct IS the octahedral shear strain at present
state andy, ,.. andy, ,.. are octahedral shear strains at starting pointsiufading

and reloading, respectively, for that cycle.
The tangent bulk modulu; is expressed in the following form:

B, = K, X pg X (Z—’Z)n 3.10

wherekK,, is the bulk modulus constant amds the bulk modulus exponent.

3.3.2 Geosynthetic reinforcement

Geosynthetic reinforcement members are plannerugtednanufactured from
polymeric materials. The main function of reinfarent member within the soil is to
reinforce the backfill soil by developing tensilerde in it. The reinforcements are

simulated as structural elements in numerical satmrs of reinforced soil wall.
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Different researchers adopted different methodwadel the reinforcement members
as mentioned in Table 2.2. They are modeled aseHinkelement (Yogendrakumar et
al.1992; Bruke et al. 2004; Ling et al. 2010; Liuak 2011; Liu and Ling 2011,
Krishna and Latha 2012), cable element (Bathurst ldatami 1998; Hatami and
Bathurst 2000; EI-Emam et al. 2001; EI-Emam eR@04; Fakharian and Attar 2007,
Zarnani et al. 2011) and shell element (Helwangl eP001; Helwany and McCallen
2001; Lee et al. 2010). The constitutive modelsliagpto simulate non-linear
hysteretic behavior of reinforcements are: nonlineguation developed from load-
strain-time test data (Karpurapu and Bathurst 198%gteretic unload-reload model
of soil materials for polymeric reinforcement maéy (Cai and Bathurst 1995) and
cyclic behavior of high density uniaxial geogridngsbounding surface model (Ling
et al. 2004; Ling et al. 2010; Liu 2009 and Liwaet2011).

In this present study, the geosynthetic reinforagme modeled using the
geogrid structural element available in FLRC The geogrid elements are three
nodded shell elements used to model flexible men#that resist as membrane but
do not resist any bending loading.

The shell elements are similar to 3-noded triangslaell type elements
available in finite element methods. Five types 3hoded triangular elements
available for shell-type are: 2 plane-stress eldmeh plate-bending element and 2
shell elements. The plane-stress elements modehémebrane action only, the plate-
bending elements simulate the bending action onty shell elements are superpose
the membrane and bending actions. In membranenadidlat plate subjected to
plane-stress conditions (loaded only in its owme)a In bending action, a flat plate
subjected to external loads which do not have anmyponent parallel to its own plane.

It supports the transverse load by bending.
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The geogrid element behaves as isotropic lineatielmaterial with no failure
limit. The studies of failure of reinforced soil lg(Ling et al. 2001; Pamuk et al.
2004 and Ling and Leschinsky 2005) revealed thatfailure of reinforced soil wall
is due to subsidence of facing system and baddill The reinforcement failures are
rarely observed. So geogrid element without anyurai limit can be used in
numerical simulations. The effective confining stend total shear stress developed
on geogrid are balanced by the membrane stressogedewithin the geogrid itself
(Itasca 2008). The geogrid element embedded in PPACschematically represented
as shown in Fig. 3.6. The stresses consistingfet®fe confining pressurg,, on a
geogrid node and total shear stresting on tributary area of geogrid nodes are
balanced by membrane stréésleveloped within geogrid.

The required input parameters for geogrid elemiarffLAC®P, are: (1) elastic
modulus (2) Poisson’s ratio (3) thickness of gesgiihe hysteretic behavior of
geosynthetics material is not considered in sinmiabecause the hysteretic behavior
of soil is predominant one. This approach is aldopted by several researchers
(Yogendrakumar et al. 1992; Bathurst and HatamB1®ftami and Bathurst, 2000;
El-Emam and Bathurst 2004; Helwany et al. 2001;lwdry and McCallen 2001;

Fakharian and Attar 2007 and Krishna and Latha 012
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Fig. 3.6 Stresses acting on geogrid surroundingde riltasca 2008)
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3.3.3 Facing elements

The facing elements are, generally, simulatedresali elastic material model
(Cai and Bathurst 1995; Helwany et al. 2001; Lingale 2004; Fakharian and Attar
2007; Lee et al. 2010). In the present study tvieidint types of facing elements are
used. The facing of wrap-faced walls are simul@gdeogrid structural element. The
facing of rigid-faced walls are simulated as etastiaterial. The properties required

for the elastic material model are mass densigasmodulus and bulk modulus.

3.3.4 Interface elements

An interface element enables proper interactiomveen dissimilar materials.
Karpurapu and Bathurst (1995) modeled the interfagtgveen reinforcement layer
and soil as a zero thickness element. The sheangslr and stiffness behavior
between the soil and reinforcement are modelediels-gip formulation following
Mohr Coulomb failure criterion by Cai and Bathut895; Ling et al. 2004; and Liu et
al.2011. Few researchers considered the interlcgoat material with negligible or
zero thickness (Hatami and Bathurst 2000; EI-Emaal.2004; Fakharian and Attar
2007). Liu (2009) and Zarnani et al. (2011) consdethe soil and reinforcement
perfectly bounded.

In the present study two different interfaces avestdered: interface between
backfill soil and facing; and interface betweenl smid reinforcement. The interface
between the backfill soil and reinforcement at rigcfor wrap-faced walls are kept
same as that of interface between the soil andoreement.

The interface between backfill soil and rigid walbntrols the relative
movement between them. The relative interface mewens controlled by interface

normal stiffnessk;) and shear stiffnes&sf. A recommended thumb rule is thatnd
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k., be set to ten times the equivalent stiffness efdtiffest neighboring zone (Itasca

2008). The maximum stiffness value is given byd#sa&008) as

K+3G
k, = ks = 10 X max e 3.11

Where the parametefgz),, is the smallest dimensions in normal directién,
and G are bulk modulus and shear modulus of continuumezadjacent to the
interface, respectively. This approach gives theipinary values of the interface
stiffness components, and these can be adjustaddid intrusion to adjacent zone
and to prevent excessive computation time.

The interface behavior of geogrid is representeaharically at each geogrid
node by a rigid attachment in normal direction apdng-slider in the tangent plane
to the geogrid surface. The orientation of thergpslider changes in response to the
shear displacement between geogrid and neighbaoihg elements. The shear
behavior of the geogrid-soil interface is cohesamd frictional in nature and is
controlled by effective confining stresgand coupling spring properties: (i) stiffness
per unit are&; (ii) cohesive strengtl; (iii) friction angle @ The effective confining
stress,om, acts perpendicular to the geogrid surface andpoted at each geogrid

node (Itasca 2008).

3.4 SOIL-REINFORCEMENT INTERACTION

The soil-reinforcement interaction is one of thgananfluencing parameters
governing the performance of reinforced soil ratajnwall. In a GRS retaining wall,
the wall (facing) movement mobilizes interface shetress between soil and
reinforcement. Further, this leads to tensile stramobilization within the

reinforcement (geosynthetic), which supports thenig system to keep the structure
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stable. Thus pullout mechanism takes place whigie@s on confining stress and
degree of movement. In general, soil-reinforcemetdraction behavior/parameters
can be determined experimentally by either dirbeias tests or pullout tests (ASTM
D 6706-01(2007)). Therefore interaction parametdrmined from pullout tests are
used in design of reinforced structures (BS 800685)

In the numerical model, the input parameters fordeliag the soil-
reinforcement interaction are interface frictionrdanterface stiffness. Properties of
the soil element and reinforcement elements, reduior development of numerical
model can be determined from laboratory tests. [&heratory pullout tests can give
the interface friction value between soil and reinément, and also provide an
estimate of interface stiffness. However, the faiee parameters shall be verified by
trials in numerical simulations of pullout tests.this regard, laboratory pullout tests
were performed to observe pullout behavior of sgihforcement system. Further the
pullout tests have been numerically simulated taiolreliable interaction parameters

and to verify the implementation of soil-geosynibh&tteraction behavior.

3.4.1 Laboratory pullout tests

Laboratory pullout tests were conducted on sandeg¢ite system to observe
the pullout behavior (Prashant et al. 2011). Idquiltest, the geosynthetic, confined
in the neighboring soil, is pulled out at consteate. The geosynthetic is strained by

offering shear stress on both the faces.

Materials

Locally available river sand was used in the pulloests. Particle size
distribution (ASTM D 6913-04) and physical charaistiics are shown in Fig. 3.7.

and Table 3.1, respectively.
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Fig. 3.7 Grain size distribution of sand used m study

Table 3.1 Soil Physical Characteristics

Deo D30 D1o Cy Ce | i Jnax Classification
(mm) | (mm) | (mm) (kN/m?) | (kN/m®) | (USCS)
0.45 0.22 0.16 2.81 0.6714.02 16.58 SP

Shear strength parameter (friction angle) of thedsaas determined from
triaxial tests (as per IS: 2720 (Part-11)) on 38 mimmeter and 76 mm height samples.
Triaxial test samples were prepared at 70% reladiesity and tested at confining
pressures 100, 200 and 400 kPa. Test results arensim Fig. 3.8 The angle of
internal friction angle (@) was determined as 3%rom this test data, hyperbolic
model parameters (Duncan et al. 1980) of the seilewevaluated as described in
Appendix A and listed in Table 3.2. A numerical rabdf cylindrical soil sample was
simulated (as explained in section 3.3.1) and sbitee verify the hyperbolic soil
parameters. The results obtained from numericalulsition of triaxial tests are
compared with the physical triaxial test results,saown in Fig. 3.8. It is observed
from the figure that, the deviator stresses in migak simulations are matching
reasonably well to that of physical test resultsisTvalidates the hyperbolic model
parameters obtained from physical model tests &sulis proper implementation in

numerical modeling.
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geotextile were determined as per ASTM D 4595. bael elongation behavior of
woven geotextile is shown in Fig. 3.9. The tenstlength of geotextile is 38.17 kN/m

and its elongation at break is 38.5%. Mass per aneid, of the same was determined

as 244 g/rhaccording to ASTM D5261.

Fig. 3.8 Comparison numerical and physical triateal results on sand at different

TH-1326_08610406

Table 3.2 Hyperbolic model parameters obtained firdewial test

A woven geotextile was considered for pullout te$tnsile properties of the

Soil properties for Mohr Coulomb model with hyperbdic soil

parameters
Mass density, kg/fh 1570
Friction angle 39°
Dilation angle 1659
Cohesion, kPa 0.0
Atmospheric pressure, kPa 101.3
Modulus numberkK, 534.6
Modulus exponenty 0.42
Failure ratioR 0.753
Stress at confining pressures
—— 100 kPa(Numerical) --- 100 kPa(Experimental)
—— 200 kPa(Numerical) - - - 200 kPa(Experimental)
1600 — 400 kPa(Numerical) - - - 400 kPa(Experimental)
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Fig. 3.9 Load elongation response of woven gedeexti

Test apparatus and | nstrumentation

Large size direct test apparatus that was modfiedonducting pullout tests
was used. Pullout test setup and associated metriation are shown in Fig. 3.10.
The inner dimensions of the pullout box are 400 long, 393 mm wide and 230 mm
height. A 12 mm thick horizontal slot was providedthe front face of the box to
allow the pullout of reinforcement in soil. Sandsayalaced in the test box using dry
pluviation technique. An elevated sand hopper wsesluo facilitate sand placement
for achieving desired relative density. The woventgxtile of size 300 mm x150 mm
was placed at a depth of 115 mm from the top of Btwe sample was clamped to the
load cell as shown in Fig. 3.10. Normal stress a@died over the rigid plate resting
on the sample by means of mechanical lever arm legdem. The clamped
geosynthetic was pulled out under controlled disgraent rate. The corresponding
displacement of geosynthetic was measured by gacWDT at the geosynthetic
clamper. All tests were conducted at relative dgn®D) of 70% and displacement

rate of 4.567 mm/min.
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Test results

The pullout resistance-displacement behavior oflggeotextile at different
normal stresses (20, 33 and 67 kPa) is shown in&Fld.. It is found that increase in
normal stress results in significant increase iflopti resistance of geotextile. The
interfacial friction angle ) is calculated as 31.9°. This interface frictiongi
corresponds to a friction ratitafw/tang) of 0.77. The stiffnesKg) values calculated
at 2% and 5% strain for different confining pregsuand found to be within a range

of 2x1¢ - 5x1¢ KN/m?/m.
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Fig. 3.11 Pullout response of composite geoteatildifferent confining pressure
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3.4.2 Numerical simulation of pullout tests

The laboratory pullout tests are simulated usingAGt®. The materials
required for numerical modeling of pullout test®e af three types: (i) soil, (ii)
reinforcement and (iii) interfaces. The soil is ratedl as elasto-plastic Mohr-
Coulomb material model coded with hyperbolic soddulus as described in section
3.3.1. The geotextile reinforcement is modeled gighre geogrid structural element
available in FLAGP (Section 3.3.2). The soil-geosynthetic interactlehavior is
represented numerically at each geogrid node bygid attachment in normal
direction and spring-slider in the tangent planghe geogrid surface described in
section 3.3.2. The model parameters adopted fondneerical simulation of pullout

tests are presented in Table 3.3. The interfagesofr angle between the soils and
geosynthetic are determined based on interfacéofficangle§ = tan™?! G tanqb)

(Liu and Ling 2012).

Model devel opment

The soil elements are modeled using eight noddeck elements. The
dimensions for soil material are 400 mm x 400 mr@30 mm. The whole grid is
divided into cubical brick elements of size 25 macle The reinforcement material
used for pullout tests is 150 mm wide, 300 mm laogd 3 mm thick. The
reinforcement is placed at a depth of 115 mm fréwe top of soil element. The
boundary conditions applied to the model repregsbet actual boundary of the
physical model tests. The numerical simulation wfqut test is shown in Fig. 3.12.
The bottom boundaries are completely fixed in eattidirection. The lateral
boundaries are fixed in their respective directioifie model is brought to

equilibrium after placing the reinforcement. Thenfioing pressure of 20 kPa, 33 kPa
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and 67 kPa is applied at the top of soil elememe Todel is again brought to
equilibrium after applying surcharge. The pulloests are performed by applying a
constant horizontal velocity to the reinforcemeodes along the box front. The
pullout force is calculated as cumulative unbaldnéerces in the reinforcement
acting at the grid nodes on pullout face. The uilkiresses are obtained by dividing
the pullout force by the embedded area of the oeteinent. The pullout

displacements are monitored by the grid point disginent in the pullout face.

Table 3.3 Material properties used in numerical eidor pullout tests

Soil properties for Mohr model with hyperbolic soil parameters

Mass density, kg/mh 1570
Friction angle 39°
Dilation angle 15°
Cohesion, kPa 0.0
Atmospheric pressure kPa 101.3
Modulus numberk, 534.6
Modulus exponent) 0.42
Failure ratio R 0.739
Reinforcement (Geotextile) properties

Mass density, g/ 244
Thickness, m 0.003
Stiffness, kN/m 171.43
Reinforcement (Composite Geotextile) interface progrties
Coupling spring cohesion, kPa 0.0
Coupling spring friction, 28.5°

Numerical model resultsfor pullout tests

Pullout responses obtained from the numerical sitranls are presented in
terms of pullout stress versus displacement (pUHg interface stiffness between soil

and reinforcement is one of the major factors dffigcthe pullout behavior of
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reinforcement in numerical modeling. Sensitivitytbé numerical model is verified
with varying interface stiffness of 1x301x1d, 1x10, 1x10, 1x1¢ and 1x16
kN/m%m. The pullout stresses versus displacements rasepted in Fig. 3.13. The
maximum pullout stress obtained from numerical nh@dth a surcharge of 20 kPa is
20.99 kPa at interface stiffness of 12KN/m?m and do not show any peak upto
displacement of 40 mm. The maximum pullout stredeesnumerical model at
surcharge of 20 kPa is 21.03 kPa , 21.23 kPa arg® XPa at displacements of 21.28
mm, 19.60 mm and 20.65 mm for interface stiffnebg%l0*, 1x10 and 1x10

kN/m?/m, respectively.

230 mm
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| —=
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| —
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l
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400 mm | (=i - :'/4'\
\’*4//400 mm

Fig. 3.12 Mesh for numerical model of pullout stres

The pullout stresses increase to more than 30 kRa anterface stiffness of
1x10 and 1x18 kN/m*m. So the pullout stresses obtained from the nisalemodel
are comparable with experimental result (22.71 &Padisplacement of 21.65 mm) at
interface stiffness of 1xIkN/m?/m. It is also seen that the pullout stresses are f
interface stiffness of 1xf0and 1x16 kN/m’/m are fall within 10% of the
experimental results. Similarly the pullout stress#btained from numerical model, at
surcharges of 33 kPa and 67 kPa are comparablethatiof experimental results at
interface stiffness of 1xfQ 1x1¢ and 1x10 kN/m?/m. So the interface stiffness

within a range of 10to 10 does not have much variation in maximum pullotesst
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variation. It is also observed from Fig. 3.13 ttreg pullout stresses increases with the
increase in surcharge. The results obtained fromengal model are reasonably
comparable with that of experimental results. Thierfaces of geogrid structural

elements used for simulation of reinforcement itiqui tests also responds to the

surcharge.
Experimental
Numerical model with interface stiffness (kN/mzlm)
--- 1e3---- le4--—--1e6--—--- le7------- le8- le9
90 ' T T T v T T T T T T T T T T
@ 1 1® 1 rle |
80 | . - - - A
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Displacement, mm Displacement, mm Displacement, mm

Fig. 3.13 Pullout stress versus displacement fooheuge of (a) 20 kPa (b) 33 kPa
and (c) 67 kPa for numerical result with differemterface parameter and
experimental result

Sensitivity of the numerical model in simulatingethpullout response is
studied for different friction angle values. Intafrriction angle values of 30°, 33°,
36°, 39°, 42° and 45° are considered for soil. Thierface stiffness of 1x10
kN/m?/m considered as soil geosynthetic interface. Tt stresses with variation

of friction angles are shown in Fig. 3.14. The putlstresses increase with increase in

angle of internal friction of soil for all surchag The numerical model is able to
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simulate the effects of friction angle on pullotress. The maximum pullout stresses
for friction angles of 36°, 39° and 424dre 20.56 kPa, 22.69 kPa and 24.97 kPa at
surcharge of 20 kPa; 35.22 kPa, 38.54 kPa and &PR2a2at surcharge 33 kPa and
59.78 kPa, 66.35 kPa and 73.30 kPa at surcharg® &Pa. The pullout stresses

increased at a rate of 10% for variation of 3°raftion angle.

Angle of internal friction
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Fig. 3.14 Pullout stress versus displacement faoheuge of (a) 20 kPa (b) 33 kPa
and (c) 67 kPa for numerical simulation with difet angle of internal friction of soil

3.3 SUMMARY

This chapter presented description of numericalg@nm and model
parameters required for development of numericatlet®oof GRS retaining walls.
Implementation of numerical scheme in simulating thodel response is briefly
presented. Various soil constitutive models, stmattelements available in FLAE
and implementation of dynamic loading simulatiorong with FLAC's FISH

programming utility are briefly discussed. Variccmmponents of numerical models
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of wrap and rigid-faced reinforced soil retainingllhand their model parameters are
presented.

Laboratory triaxial tests are conducted on cohdsgsn soil at different
confining pressures and its hyperbolic model patarsewere evaluated and
numerical simulation of triaxial tests conducted walidate soil behavior. The
implementation of non-linear and hysteretic constie during dynamic loading is
discussed. The interaction behavior of soil-getsstic system has been determined
through laboratory pullout tests and numerical $aton of the same is performed to
verify geogrid structural element and its interactiwith soil in FLACP. The
interface stiffness values within a range of @010 kN/m?m are in close agreement
with the pullout test results with 10% variatiorhelgeogrid structural elements used
for simulation of reinforcement in pullout test pesds to the change in angle of

internal friction of soil and confining stress.
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Chapter 4. STUuDIES ON WRAP-FACED WALLS

4.1 INTRODUCTION

Reinforced soil retaining walls are constructedhwdifferent facing systems.
The wall facing system may be: wrap-facing, fuligme rigid-facing, segmental block
facing and modular block facing. The wrap-facechfiiced soil walls are with
flexible facing. The wrap-faced reinforced soilaieing walls are constructed by
folding an extended reinforcing element (geotexdilgeogrid) through 180°, to form
the face and anchoring it back into the fill oraiwother element at higher elevation
(Koerner, 1999). The reinforcements are wrappedrat@ach layer of individual lifts.
External formwork will be provided during the placent and compaction of fill.
After removal of temporary formwork, free movemems facing will form the
wrapped face in semi-circular shape (BS 8006:199%e wrap-faced walls are
generally preferred for temporary applications cameg to other facing system walls.
In this chapter, the studies on wrap-faced reirddreoil retaining walls are discussed.
Development and validation of the numerical modalametric studies are presented.
Results are presented in the form of variationshofizontal displacements and
vertical settlements (referred as vertical disptaeets), octahedral shear strains in

soil along length of the wall, and discussed.

4.2 DEVELOPEMENT OF NUMERICAL MODELS

Numerical models are developed using finite diffieee programme FLAE
to simulate the shaking table studies on wrap-faegdining walls reported in the

literature.

73
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4.2.1 Target physical model

Physical model tests on wrap-faced reinforced waill models reported by
Krishna and Latha (2007) and Latha and Krishna §208re considered for
development of the numerical model. The target jghysmodels, tested on the
shaking table, were of size 750 mm x 500 mm in pl@a and 600 mniH} deep. The
models were constructed in flexible laminar corgaiansing four layers of geotextile
reinforcement of lengthL(ir) 420 mm (i.e., 0.F). The models were constructed in
equal lifts of sand filling by pluviation method camgeotextile reinforcement layers
were wrapped around to form the facing (by foldthg geotextile through 180° to
form face and anchoring it to backfill) using fagiformwork. The backfill material
used in the model tests was poorly graded sanchgawnit weight of about 16.2
kN/m?® and friction angle of 43°. A 1mm thick woven gedile having mass per unit
area of 230 g/Mmand breaking strength of about 55.5 kN/m was uiséHe tests. A
nominal surcharge of 0.5 kPa was applied after ¢etop of all lifts of the wrap-
faced wall, and then the facing formwork was rentbwe sequence from top to
bottom. After removing the supports, model wall wasjected to 20 cycles of
sinusoidal motion at different base excitationssus obtained through various
instrumentations were discussed in terms of fadwgzontal deformations, and
acceleration amplification values. The detailshef test configuration and location of
various instrumentations (Krishna and Latha 200%@) shown in Fig. 4.1. Typical
response of model, tested for 20 cycles of 0.1glacation at 1 Hz frequency, in
terms of horizontal displacements and acceleratrifferent elevations are shown

in Fig. 4.2 and Fig. 4.3, respectively.
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Fig. 4.2 Typical variation of horizontal displacem®with time in physical model test
(after Latha and Krishna, 2008)
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Fig. 4.3 Accelerations at different elevations fridm physical model test (after

Krishna and Latha 2008)

4.2.2 Development of numerical grid

Numerical model of wrap-faced wall has been geedrah FLACP by

following method of construction in physical test&. rigid foundation is first

generated to represent the shaking table. The faxage walls are constructed in a

sequence of layers of equal thickness. Each layarapped around with structural

elements that represent the geotextile reinforcémembers.

base of the wall as the shaking table. A grid d &@m height and 750 mm long is
generated to represent the backfill of the wragdawall. The lateral dimension of
100 mm is considered to observe the model respditsrigh the dimension of the
physical model is 500 mm, 100 mm lateral dimensgronsidered to increase the
speed of model solving. The model is generatedimessequence as that of physical

model. Fig. 4.4 shows the steps followed in devielpphe wrap-faced wall numerical

model with four layers of reinforcement.
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600mm

Fig. 4.4 Development of numerical grid of wrap-faeeall

The material properties for backfill soil and reirdement are assigned based

on their respective constitutive models as disalisseChapter 3. In the numerical
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models developed for validation, the length of f@icement (i, is considered as
420 mm, which corresponds to theiyH ratio of 0.7 (Krishna and Latha 2007).
Before placing the first layer of backfill, the fogation zone is generated and brought
to static equilibrium. The first layer of backfgbil is generated on foundation. The
reinforcement in wrapped form is simulated sep&ratsnd moved down, to be placed
as wrap around the first layer of backfill soilF#4.4a and Fig. 4.4b). The first layer
is then solved for static equilibrium, keeping theing deformations restricted in x-
direction to simulate the temporary formwork. Tleeand layer is generated over the
first layer in a similar way as shown in Fig. 4.4n0d Fig. 4.4d. The model is
generated in similar equal lifts with reinforcemamapped around to form the facing
for each lift. The model is solved for static eduium after generation of all the lifts
up to the total heighH) of the wall. A surcharge pressure of 0.5 kPgjgliad at the
top, and model is solved to static equilibrium (Ffy4e). The supports are then
removed in sequence from top to bottom (layer wis#er support removal of each
layer, the model is solved for static equilibriurig. 4.4f shows the numerical model
generated, to simulate the wrap-faced wall, afterstupport removal.

The backfill soil is modeled as elasto-plastic M&woulomb material coded
with hyperbolic soil modulus proposed by Duncaralet(1980) (Section 3.3.1). The
cohesionless soil as described by Krishna and L&BA7) is considered for the
present analysis. But a small cohesion of 0.1 kBs Ibeen adopted to prevent
computational instability. Similar small value gfarent cohesion was also adopted
by Hatami and Bathurst (2005) for numerical simolabf reinforced soil walls. The
hyperbolic model is incorporated, by FISH subroesir{ltasca 2008), to update the
soil modulus according to their stress conditiohe Bhear behavior of granular soils

under cyclic loading is modeled using non-lineasstaretic constitutive relation that
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follows the Massing rule (Section 3.3.1), durindoading and reloading cycles of
dynamic excitation. The constitutive model for geibble to implement the damping
of soil through the cyclic hysteresis. However, iaimum values of local damping of
5% is adopted for considering damping at low sttewels (Ling et al. 2005a, Lee et
al. 2011). The geotextile reinforcement members rmpdeled using the geogrid
structural element available in FLA€as explained in Section 3.3.2. The interface
between the soil and reinforcement is modeledreeati spring-slider system (Section

3.3.4).

Boundary conditions

The boundary conditions applied to the model regrethe actual boundary of
the physical model tests (Krishna and Latha, 200#e bottom boundary is
completely fixed in vertical direction to represdhe rigid boundary between the
model wall and the shaking table. The far end bam@lements are fixed i
direction to represent the container boundary. Bdwendary of model opposite to the
reinforced wall facing is considered as far endralawy. During the construction, the
model facing is fixed in horizontak) direction to represent the temporary support.
The lateral boundaries are fixedyimlirection to represent the lateral boundariebeat t
side of the physical model. After all the layers aonstructed and the model has been
brought to equilibrium, the facing boundaries aleased stage by stage, representing
the stage wise removal of temporary support. Thenbary conditions after support
removal are shown in Fig. 4.5

During dynamic loading, free field boundary is apglat far end. The free
field boundary conditions are applied to the Ildtelmundary grid points,
automatically. As the free field boundary should be applied in the front face, the

base of wall (foundation) is made longer and witlean backfill and free field
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boundary applied. Fig. 4.6 shows the model wideffield boundary condition for

dynamic loading.

L/ / /L
Son SO Son

77

Y q§ ,

L., -

e o e R R

Fig. 4.5 Boundary conditions of the model in X-Mpe and Z-X plane

Fig. 4.6 Model wall with free field boundary coridit before dynamic loading

4.2.3 Selection of grid size

Sensitivity analysis is conducted to verify theeeff of grid size on model
behavior. Four different grid sizes, 7.5, 12.5,dsl 50 mm are considered for the
purpose. Horizontal pressures and deformationshatwall facing after support
removal are determined and presented in Fig.Makimum horizontal displacement
of about 58 mm is observed for model with 50 mne gjiad while it is about 50 mm

with = 2 % variation for other grid sizes. Horizontal ggere variations are observed
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to be not so sensitive for the range of grid scmssidered. From these observations a

grid size of 25mm is considered for numerical setioh of laboratory models.

Grid size

500 —&— 7.5mm—0— 12.5mm—4a— 25mm—<— 50mm
L L L LAN LA L AL LA LI |

(@) ] (b))

500

400

300

Elevation, mm

200

100

L L " " " " PO [T TR TN T E——
0 10 20 30 40 50 60 00 02 04 06 08 10 12
Horizontal displacement, mm Horizontal pressure, kPa

0

Fig. 4.7 Sensitivity of grid size on model response

The dynamic behavior of model depends upon siagridfwhich is governed
by the accurate transmission of waves through tbdei The maximum frequency
that can be propagated accurately in a model o¢ e 25 mm, having density of
1600 kg/mi and average shear modulus of 115 kPa, is calcu{ateper Egs. 3.2 and
3.3) as 34 Hz. As most of the seismic wave enargpncentrated within 15-20 Hz

frequency, selection of 25 mm grid size is confidme

4.2.4 Sensitivity analysis
Sensitivity analyses were performed to verify tegponse of numerical model
with variation of different model parameters. Thedal parameters considered for

the numerical simulations and their values aredish Table 4.1.
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Table 4.1 Material properties used in numericalusation for sensitivity analysis

0.2g base input acceleratiom).(The models are subjected to 20 cycles of simasoi

shaking at different frequency) (3Hz, and 5Hz. Fig. 4.8 shows the acceleration,

Soil properties

(* indicates the reference cas

a)

-

Mass density, kg/f 1630
Elastic modulus, kPa 1x10¢*
Poisson’s ratio 0.3
Friction angles, degree AG*,52
Dilation angle, degree B)*,15
Cohesion, kPa 0.1
Hyperbolic properties for Duncan’s model
Atmospheric pressure kPa 101.3
Modulus numberkK, 831
Modulus exponent 0.678
Failure ratio R 0.9
Reinforcement (Geotextile) properties

Mass density, g/fmn 230
Thickness, m 0.001
Stiffness, kN/m 10@,5C*,200

Reinforcement (Geotextile) interface properties

Coupling spring cohesion, kPa

0.1

Coupling spring friction, Degree

28

Coupling spring stiffness, kPa

1°1Dx 1% 1x10

)

The dynamic model studies are conducted for sigasalynamic excitation at

velocity and displacement components of a typicalsoidal excitation witha =

0.2g;f = 3 Hz. The dynamic excitation is applied at th# bottom, in the form of

velocity in horizontal direction (uniaxial shaking)

elevations of 200, 350 and 500 mm and incremenpaéssures acting on facing at
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Fig. 4.8 Typical sinusoidal dynamic excitation campnts & = 0.2g;f = 3 Hz)

elevations 100, 230, 380 and 500 mm are recorded.ifcremental pressure is the
measured increase in lateral pressure during dynasmicitation. Acceleration
histories at a distance of 50 mm from the facind ahelevations 150, 300 and 600
mm are recorded.

Typical variations of displacements and accelenatiovith the number of
cycles of dynamic loadinga(= 0.2g and = 3 Hz), at different elevations of wrap-
faced wall are shown in Fig. 4.9 and Fig. 4.10,peesively. The horizontal
displacements increase nonlinearly with increaséh& number of cycles. Larger
horizontal displacements are observed (Fig. 4.9higher elevations. It can be
observed, from Fig. 4.10, that the acceleratiors amplified at higher elevations.
Displacements and acceleration histories obtaimeth fthe numerical model are

similar to that of physical model tests reporteddnighna and Latha (2007).
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Fig. 4.9 Typical displacement histories at diffarelevation for acceleration 0.2g and
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Fig. 4.10 Typical acceleration histories obtainedumerical simulation

The acceleration amplifications at different elémas of wall are quantified as
root mean square acceleratiofRMSA) amplification factor. The RMSA
amplification factor is the ratio of RMSA valueaty elevation to the RMSA value at

the base. The RMSA value can be calculated acaptdiiq. 4.1 (Kramer, 1996).
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1/
RMSA = | = [(*a(t)?dt| 4.1
d

wherea(t) is acceleration at time ‘tty is the duration of the acceleration record dnd
is time interval of the acceleration record.

The sensitivity of numerical model to different ¥l properties like backfill
friction angle, backfill dilation angle, stiffnes$ reinforcement material and stiffness
properties of soil-reinforcement interface are showFig. 4.11, Fig. 4.12, Fig. 4.13

and Fig. 4.14, respectively.

Backfill friction angle
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Fig. 4.11 Sensitivity of numerical model with respt backfill friction angle: a)
Displacement profiles; b) Acceleration amplificatifactor; c) Incremental pressure

The horizontal displacements and incremental hotao pressures are
obtained at different elevation at 25 mm from theirig. The RMSA amplification
factors are calculated (Equation 4.1) from the kcagon records at different
elevations. From the figures, it is observed tlat model is sensitive to different
material properties and efficient in capturing tbehavior of model wall under

seismic excitation. The backfill soil friction andilation angle and stiffness of
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reinforcing material are the most influencing pagsens on model response in terms
of displacements, acceleration amplifications anodemental pressures.
Backfill dilation angle
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Fig. 4.12 Sensitivity of numerical model with respt backfill dilation angle: a)
Displacement profiles b) Acceleration amplificationincremental pressure
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Soil-reinforcement interface normal stiffness (kN/mzlm)
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Fig. 4.14 Sensitivity of numerical model with respt® soil-reinforcement interface
stiffness: a) Displacement profiles b) Acceleratanplification c) Horizontal
pressure

The influence of stiffness of soil-reinforcementeiriace is not so prominent
for the range of values considered (as discussé&hapter 3). It has been established
from this analysis that numerical model is sensitio different material properties.
The following section presents validation of thenauical model by comparing the

results from the physical model tests.

4.2.5 Validation of numerical model
The numerical model developed to simulate the sigakable tests of wrap-
faced wall is validated by comparing with the résudf physical model tests as
reported by Krishna and Latha (2007). The matepialperties considered in the
numerical model for validation purpose are mentibimebold font in Table 4.1.
Comparisons of the results obtained from the playsiests and the
corresponding numerical model, with four layersreinforcements tested for 20

cycles of excitation of 0.2g acceleration at 3Hd &hrlz frequencies, are shown in Fig.
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4.15. The maximum horizontal displacements at awation of 500 mm are 26.79
mm from the numerical model and 30.08 mm from ptglsnodel for 3Hz frequency
excitation, while the corresponding values are @6:¥®mn and 16.21 mm for 5Hz
frequency excitation. The acceleration amplificated an elevation of 600 mm is 1.57
for numerical model and 1.71 for the physical moidel 3Hz frequency excitation.
For 5Hz frequency excitation, the values are 1161 ;178 for numerical and physical
models, respectively. The comparison of resultsfghysical and numerical models
and their percentage differences are tabulate@biel4.2. The variation of horizontal
displacements and RMSA amplification factors betwegxdysical and numerical

models are within 10% for model subjected to 3 Ha & Hz frequency.

Table 4.2 Comparison of results from physical ancherical model

Frequency Horizontal displacement (mm) RMSA amplification tiais
Physical| Numerical % Physical| Numerical %
difference difference
3 Hz 30.08 26.79 10.9% 1.71 1.57 8.18%
5Hz 16.21 16.90 4.25% 1.78 1.61 9.55%

The pressures observed in physical tests were tegb@Krishna and Latha
2007) to be inconsistent due to the limitationghaf pressure sensors’ sensing range
(0-100 kPa) and the low level pressures encouniardgte model tests (order of about
< 5 kPa). So discrepancies in the incremental pressare observed between
experimental and simulated resulfBhe variations of horizontal displacements,
RMSA amplification factors and incremental pressufer physical and numerical
model with 3, 4 and 6 numbers of reinforcing layare shown in Fig. 4.16. The
figure shows similar behavior of decreasing hortabdisplacements with increase in
reinforcing layers for both physical and numericinulations. The maximum

horizontal displacements for model with 3, 4 anduBnbers of reinforcing layers at
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elevation of 500 mm are 38.98 mm, 26.79 mm and7Lth&nh for numerical models
and 47.19 mm, 30.08 mm and 10.91 mm for physicatleisp respectively. The
RMSA amplification factors are not affected by w#ion in the number of
reinforcement layers. The comparative results prtesein Fig. 4.15 and Fig. 4.16
show the ability of numerical model to capture Hehavior of physical model with

reasonable accuracy.

4.2.6 Dynamic response of wrap-faced walls: displacemengnd strains

The response of wrap-faced wall with four layergehforcement l(;ein/H =
0.7) subjected to dynamic excitation of 0.2g aaeien at 3Hz frequency is being
presented. Horizontal and vertical displacemergsdatermined along the length of
backfill at different elevations and are shown ig.®.17. The maximum horizontal
displacements are 14.20, 9.65, and 6.35 mm, neafagang, at elevations 525, 375
and 225 mm elevations, respectively. The horizodliaplacementsuj decrease
moderately within the reinforced zone and decresBarply after the end of
reinforcement. The vertical displacemenis gre high near the facing and gradually
decrease to zero at a distance of 0.2 m from fa@mthpin reinforced zone). The
values {) again increase near the end of reinforcement@®,3.22 and 1.56 mm at
525, 375 and 225 elevations, respectively. Theatianis of octahedral shear strain
increments A4y..), developed at end of dynamic excitation, along téngth of
backfill are studied at middle of two reinforcingykrs (Fig. 4.18a) and at
reinforcement level (Fig. 4.18b). The is the measured increase in octahedral
shear strainy{) during dynamic excitation. By comparing both Hgl8(a) and Fig.
4.18(b), it is observed that the,.; are maximum near the end of reinforcement zone.

This increase in octahedral shear strains nearoémeinforcement is due to

higher vertical settlements at the location. Neadgstant horizontal displacements
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within reinforced backfill zones, and higher veatisettlements and octahedral shear
strains near the end of reinforcement zones shattlie reinforced zone is acting as
monolithic section. This also confirms the formatdeformation zones at the end of

reinforcement zone. The formation of deformatiomezas not properly defined in

laboratory model test reported in literature (Knakand Latha, 2007).
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Fig. 4.18 Variation offy. in soil along length of backfill (a) between two
reinforcement layers (b) at reinforcement lexeet(.29g,f =5Hz, L¢jn/H=0.7,N_.=4)

4.3 SEISMIC BEHAVIOR OF FULL SCALE MODEL

m high, 18 m long and 1 m wide with 6 numbers affogcing layers is developed for

Using the validated numerical model, a full scalapvfaced model of size 6
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analysis of its seismic behavior. The model paransetonsidered for full scale model
are kept same as that of laboratory model. Thethend reinforcement L(ein) is
considered as 4.2 m, which corresponds td_theH ratio of 0.7 (FHWA 2001). The
procedure described in development of laboratoglesaumerical model (section
4.2.2) is followed for the full scale model. Thenmerical model considered for full

scale wrap-faced wall and model after support reahsvshown in Fig. 4.19.

(b)

Fig. 4.19 Numerical grid for full scale wrap-facedll (a) before support removal (b)
after support removal

4.3.1 Response of full scale wall after dynamic excitatio

The behavior of full scale wrap-faced wall models studied under dynamic
excitation in terms of horizontal and vertical d&gments, RMSA amplification
factors, horizontal pressures and probable defaomaiones formed during dynamic
excitation. Sinusoidal dynamic excitation of 0.Zige@eration at 5 Hz frequency, for
20 cycles has been considered. Variations of bota and vertical displacements,
RMSA amplification factors and horizontal pressuras wall facing, end of
reinforcement and unreinforced backfill (withinaieted backfill at a distance of 14 m
from facing), after the dynamic excitation, are whoin Fig. 4.20. In general, the
horizontal displacements are decreased with iner@aghe distance from the wall
facing. The maximum horizontal displacements atlamation of 5.5 m are 168.8 mm

near the facing, 94.3 mm at end of reinforcement @8 mm at deep backfill. The
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vertical displacements at the corresponding looatare 61.9 mm, 104.5 mm and 0.5
mm, in the order. The horizontal and vertical daseiments are negligible at deep
backfill (at a distance of 14 m) from the wall fagiand so will not have much effect
on formation of deformation surfaces either witbimoutside the reinforced portion of
the wall. The RMSA amplification factors are obsstvto be larger at higher

elevation but did not show significant variationthwidistance from wall facing.

Horizontal pressures at elevation of 0.5 m are 802 near the facing; and 20.0 kPa
near the end of reinforcement. The horizontal pressit higher elevation is more

near the facing and nearly equal at end of reiefoent and far field.

\—-— At face of wall—>— At end of reinforcement —— At unreinforced backfill\
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1 Lo | Lllo N N I ]

o

Elevation, metre
1
Elevation, metre
1
Elevation, metre
w
T
1
Elevation, metre
w
T
1

(

0 R I R I 0 R I R I 0 R R 0 PR TR R N
0 100 200 0 50 100 0 1 2 0 10 20 30 40

Horizontal Vertical RMSA Horizontal pressure, kPa
displacement, mm displacement, mm amplification factor

Fig. 4.20 Variation of (a) horizontal displacem@mit vertical displacement (c)
RMSA amplification factor and (d) Horizontal presstior wall subjected to dynamic
excitation &= 0.2g,f = 5Hz,N. = 4 andLejr/ H=0.7)

The formation of deformation zones within reinfafcand unreinforced
portion (retained backfill) zones can be determirgdstudying the shear strain
variation within backfill soil (Bathurst and HatamiLl998). The incremental

octahedral shear strainsdy), horizontal displacementsu)( and vertical
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displacementsvj along the length of backfill after the dynamiccigation @ = 0.29g
andf = 5 Hz) are presented together in Fig. 4.21.

The horizontal displacement))( of the soil element near the wall facing is
171.4 mm at an elevation of 5.5 m and remains dliwmsstant up to 3.5 m from the
wall facing. It is then decreases and become alxerst at 7 m from the facing. The
vertical displacementj of soil element is 69.8 mm near wall facing atttblevation.
So from the Fig. 4.21, it can be seen that theegbfu within reinforced zone are at
maximum, but they decrease gradually and becomdigidg after end of
reinforcements at elevations of 5.5 m, 4.5 and8.5However, at the lower layers (i.e
2.5m, 1.5 m and 0.5 m elevations) the horizontayement of soil element decreases
to zero within reinforced zone. The vertical diggaents \) are almost uniform
within reinforced zone, up to a distance of 3.0ramf wall facing, at elevations of 5.5
m, 4.5 m and 3.5 m. The vertical displacemehir{creases suddenly near the end of
reinforcement at the higher layers, at elevatioh®.6 m and 4.5 m. The vertical
settlements are less (in the order of 40-50 mmipwer layers (2.5 m and 1.5 m
elevations), and decreases to zero within reintbame. Thely. near the facing are
negligible at elevations, higher than 3.5 m, bat@éase to about 3.0 % at a distance 2
m from the facing.

The strain values attain higher peak (about 8-9%%h and 5.5m elevations)
near end of the reinforcement. At the lowest dlena0.5 m), maximum shear strain
increment (about 7%) can be seen near the facpgoBiparing thely.., u andv at
different elevations, it can be seen that the defbion of a wrap-faced wall,

subjected to dynamic excitation, consist of thrnéeint modes. Fig. 4.21 shows two
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deformation zones; one shear deformation zone mitie reinforced block (solid line)
and the other shear deformation zone extendingrioey@nforced block (dash-dotted
line). Besides these two deformation zones a zénela@tive compaction (dashed line)
can be observed at the end of reinforcement whghdue to higher vertical
settlements and shear strains. Similar deforma#iones were also reported in
dynamic analysis of wrap-faced walls by Liu andd-{2012) and in segmental facing
walls by Liu et al. (2011). The horizontal displasnts are attributed to the
formation of a deformation surface within the rented zone. It can be seen from Fig.
4.21 that the vertical displacements near end iofaeement are more only at an
elevation 5.5 m, 4.5 m and 3.5 m and negligibleatr layers. Therefore the relative
compaction zone developed near the end of reinfoecé does not extend to the

lower layers. The second deformation surface @ndmsidered as indicative of the
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backfill zone moving along with reinforced zones#nilar zone was considered to be
the compound failure zone by Liu and Ling (2011aridtion of Ayee; within the
model is shown in contours form in Fig. 4.22. Tlgafe also confirms the formation
of the deformation zones. Further, the deformatomes determined are shown
schematically in Fig. 4.23.

To observe the behavior of reinforcement straimgremental values of
reinforcement axial strainsd€, rein), during dynamic excitation are calculated. An
incremental value is the change in axial straiu@aduring dynamic excitation. To
comparede, rein With the soil strains at the reinforcement locatibig. 4.24 presents
variations of4y. in the soil at reinforcement level, antd, ein in reinforcement

layers, along length of the wall.

Top layer
m COctabedral shear strem
57 layer Magfac = 1.000e:000
th Live mech zones shown
4" layer Gradient Calculation
T 0.0000e+000 fo 1.0000e-002
3 layer 1.0000e-002to 2000Ce-002

20000 C02to 3 000Ce DO2
3.0000e-C02to 4 000Ce-002
4.0000e-L0210 S UU0Le-DUZ2
5000002t A N0NGe-0N?
6.0000e C02to 7 000Ce 002
7.0000e-002 v 80000e-002
8.0000e-C02te 9000Ce-002
9.0000e002t0 100002001
Inferval = 1.Jc-002

2" Jayer

1¥ layer

Fig. 4.22 Contour of octahedral shear strain &tecycles of dynamic excitation
(a=0.29,f=5Hz, L,ein/H=0.7,N,.=6)

Relative compaction zone

Shear deformation zons Componnd deformation zone

Fig. 4.23 Deformation zones of wrap-faced reinfdrseil retaining wall after
dynamic excitation
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The 4y, reduce to negligible values at distance of 8.Gamffacing at 6.0 m
elevation, denoting maximum mobilization of retalrEackfill beyond reinforced soil
zone (also shown in Fig. 4.23). The octahedrahssisérain reduces to negligible
value at distance of 7.0 m and 6.0 m from facinglavations 5.0 m and 4.0 m,
respectively. The compound deformation zones extendeeper retaind backfill at
higher elevations. They..: reduces to negligible value within reinforced zdne
lower layers. From the figure it is seen tHaf (.in are less than 2% in the top three
layers (top, B and 4" layer) of reinforcement. At these elevations, wehol
reinforcement length is located within the maximgtrained zone of soil due to
deeper extension of compound deformation zone rietained backfill, as a result
insignificant strain increments are noticed with@nforcement. In the *1layer of
reinforcement, which is extended to the zone ofigide soil strain, i.e., beyond 2.0

m from the facing, the strain increment is 2.8% distance of 0.8 m from facing.

End of reinforcement [ 1 Octahedral shear strain

' —=— Axial strain
4 T T T T T T T T T T T
S 10 At elevation 6.0 m and 6th reinforcment layer T )
3 5 [
ZO O i —'---DIDDDD'DD’_‘D ’—‘!_\’_"_H_H_H_H_H_H_”_”_U_h—‘ 1 T 0
E 101 At elevat|on 5.0 m and 5th remforcement layer [, 3
g 5_. Fl.l |- H 3 g
wn 0 '-- ’_‘II_H_M—\!'EED ’_H_H_H_H_H_”_U_h—\ y T . 0o @
$ 104 At elevat|on 4.0 m and 4th relnforcement Iayer L, §~
< 5] . Q_J
n i o 3
C_E O_ﬁ--'!- ’_"_H—M_H_U_H_\HE'DH’_H_H_H_”_‘V_\ i h 4 0 g
g 107 At elevation 3.0 m and 3rd reinforcment layer [, £
css 5_ f,'------- 2 B
5 ol !::--hﬂﬂmr\r\!—”—\ﬂﬂmﬂﬂﬁﬁ : . 0 2
9 10 - At elevation 2.0m and 2nd reinforcment Iayer - B
S - f ! " L2 ®
c 5— " oy b | -
g 0 i r—\!_\!_\!_\r—w—\ﬂﬂﬂﬂmm!_h—\h . T . T . T . 0 padt
. . (=]

o 104 At elevation 1.0m and 1st reinforcment layer | >
2 STH 2

0 ’_"—‘!_\’_H_H_H_‘Hﬁip’_‘ r ; ; 0

4 6 ' 8 ' 10 ' 12
Length of backfill, m
Fig. 4.24 Incremental Octahedral shear strain dretament and incremental axial

strain on reinforcement after 20 cycles of dynaexcitation & = 0.2g,f = 5Hz,
Lrein/H:O.7, NL:6)
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The friction developed in top reinforcement laysranly due to surcharge
acting over it. This friction is insufficient to s&ain the dynamic earth pressure.
Moreover, the overburden pressure on reinforcenmanéases with increasing depth
of reinforcement layers. So the friction developedreinforcement at lower layers is
more than that of top layers. From the above ofas@ns, it can be stated that during
dynamic excitation, the reinforcement strain inceets are affected by the extent
compound deformation zone into backfill and friatideveloped on reinforcement
due to overburden pressures. The mechanism, depandé normal stress and shear

stress (friction) can be seen schematically asagxgdl in Fig. 4.25

l Normal stress

—» Shear stre:

b5l 5|l

El;:l g
N g
o]

Fig. 4.25 Overburden pressure acting on reinforegraedifferent elevations

4.4 PARAMETRIC STUDIES

Parametric studies are conducted to analyzetfhe of soil and4e, rein, and
the location of deformation zones during dynamici@tion. Reinforcement length,
number of reinforcing layers and type of backfiftigtion angle) are varied in
different simulations. Sinusoidal dynamic excitatiof 0.2g acceleration at 5 Hz
frequency, for 20 cycles has been considered. pEnameters varied for parametric
studies are listed in Table 4.3. All other modalapaeters are kept same as discussed

in earlier section.
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Table 4.3 List of parameters considered for paramstudies

Soil properties

Friction angles, degree 30, 38, 43
Reinforcement configuration

Length of reinforcement O, 1.0H, 1.2H
No. of reinforcing layers 4,6,8

4.4.1 Effect of length of reinforcement

Three different reinforcement lengthisf,) of 0.H, 1.0H and 1.H (H is
height of wall) are considered. The horizontal asmudtical displacements, RMSA
amplification factors and horizontal pressures evepared between wall models
with different reinforcement lengths, as shown iig. ®.26. The horizontal and
vertical displacements are maximum for wall witinfercement length 0®.7H. The
horizontal displacements at facing, near top ofwad, are 168.8 mm and 94.3 mm
for walls with reinforcement length ({7 and 1.04, respectively. About 44%
reduction in horizontal displacement is observeadiriorease in reinforcement length
from 0.H to 1.H. The vertical displacement is 104.5 mm near thd enh
reinforcement for wall with reinforcement length @fH; but it is 61.8 mm near the
facing.

The vertical displacement near the end of reinfoieat is 48.7 mm for 1H
reinforcement indicating about 53% reduction. N#& facing, 27% reduction in
vertical displacement is seen for increasé. i from 0.H to 1.(H. The reduction in
vertical settlement is 68% near the end of reirdorent and 11% near facing for
increase in reinforcement length fromH.@ 1.2H. The RMSA amplification factor
is almost similar for all three types of wall. Qiret al. (2005) also did not observed
any significant variation in acceleration amplitioa with increase in length of

reinforcement. The changes length of reinforcendentot have significant effect on
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unit weight of reinforced soil. The horizontal pgases on wall are almost same for

wall with 0.7H, 1.0H and 1.H layers of reinforcement.

Wall face End of reinforcement
—=—0.7H -o- 0.7H
—a—1.0H -4- 1.0H
—e—1.2H -o0- 1.2H
T T T T T T T T T T T T T T T
6 & 4 6— 4 6— T 1 e}l@ -
5 4 5 4 5} 4 5} -
£y {E 4 1E4L 1e4l i
c c = -
2 S 2 5
< 1= 1s =
> >y > ©
[@) | JoaL 4 >3l i
o 3 ﬁ 3 o3 A ﬁs
2 4 2 4 2 & 4 2F -
1 4 1 4 1r 4 1r -
ob——1 . 1 0 b———1— oLl — : oL~ .
0 100 200 0 50 100 0 1 2 0 15 30
Horizontal Vertical RMSA Horizontal

displacement,mm displacement,mm amplification factor  pressure, kPa

Fig. 4.26 Response of model wall with length ohfeicement lengths (O, 1.0H
and 1.H) after dynamic excitatiora(= 0.2g,f = 5Hz and\ = 6)

Variation of 4y, U andv along the length of backfill, for a model wall it
Lrein = 1.(H, at the end dynamic excitation are shown in Fig740Qverall, the trends
in the displacements and strains are similar toettanation provided on Fig. 4.21.
However, maximum values of displacements, stramustheir location are changed. It
is observed from Fig. 4.27, that the horizontalpldisement of soil elements near
facing is 94.7 mm and decreases to zero at th@krainforcement at an elevation of
5.5 m. At lower layers, i.e 2.5 m, 1.5 m and 0.®levations, horizontal movements
of soil elements decrease to zero within reinforcede. The vertical displacement is
47.4 mm near the facing and reduces to 24.6 mmirwr#hinforced zone and again

increases to 49.4 mm at the end of reinforcemennatlevation 5.5 m. The vertical
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displacement then reduces to zero at distance #3 i from the facing at that
elevation. The vertical settlements also decréagero within the reinforced zone at
lower elevations. The maximum octahedral sheamswéhin the reinforced zone is
1.2% and increase to 4.7% near the end of reinfoeoe at elevation 5.5 m. Theg

is 3.5% near the end of reinforcement at elevadidhm. By comparing théyc, u
andv at different layers it can be concluded that wiaged wall with reinforcement
length 1.4 subjected to dynamic excitation have only deforomarzone formed due
to shear deformation within the reinforced zonee Tompaction zones at the end of
reinforcements are developed but only in the tom thayers. The compound

deformation zones are developed at higher elevataord do not extend to lower

elevations.
[ Octahedral shear strain
End of reinforcment |~ Horizontal displacement
i —o— Vertical displacement

_ T T T T T T T T T T T _180
2 J : : C
- | . _’ B ; I At elevation 5.5 m 120
>_§ 2 b 0-0-0-0-0-0-0-0) / __60
S 8_ g = i T v ) |,I — T T T T —980
.% 4] ' ! / At elevation 4.5m [ ;,,

Ea o & B W B +
g e s i - L O o g
= 8_ BB E— T 1 ¥ H * T T N - 950 -;'CJ:_.)
2 4] / Atelevation 3.5m [ 150 &
2 2] / F60 3
_‘g 8_ Heeom T y i T T T  E— T T = Qg0 S
D 4 , At elevation 2.5 mE 120 5
g 2] , o0 3
o 8_ T T Y T /" B E— T '"""""""7"""_980
g 2] > At elevation 1.5 m [ 120
o 24 s - 60
E o] C
e 8_ T T P4 T T T L T T T T -_980
S 4] P At elevation 0.5 m |F120
- 2—: -7 _‘60

0 T T T T T T T T T T T 0
0 2 4 6 8 10 12

Length of backfill, m

Fig. 4.27 Variation offy.«, u andv along the length of backfill after dynamic
excitation for model wall with.j,/H=1.0 @=0.29,f=5 Hz,N, =6)

Fig. 4.28 shows the comparison 8f.: between reinforcement layers of

backfill for different modelsl(ei, = 0., 1.0H and 1.2H) The maximum octahedral
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shear strain is 9.7% near the end of reinforceraémevation 5.5 m for wall with
reinforcement length OH. TheAy.: near the wall facing is very small, at elevations
5.5m, 4.5 m and 3.5 m, for all three walls. The variation shows three peaks —
within reinforced zone, at the end of reinforcemantl within retained backfill for
wall with reinforcement length O But for wall with reinforcement lengths HO
and 1.H, the 4y, do not extend beyond end of reinforcement lengibept at
elevation 5.5 m. So deformation zones are formddimvibackfill region but do not
extend to the lower layers. The octahedral sheainstdo not show any peak near the
end of reinforcement for wall with reinforcementdgh 1.2H. So the zones of relative
settlements do not form at the end of reinforcem&he deformation zone within
reinforced backfill is the only prominent mode feall with longer reinforcement.
The formation of deformation zones in backfill sér walls with reinforcement

length 0.H and 1.M is as shown schematically in Fig. 4.29.

Length of reinforcment
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T4 \ -
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Fig. 4.28 Comparison of octahedral shear strabaekfill with reinforcement length
0.7H, 1.0H and 1.H subjected to dynamic excitatioa$ 0.2g,f =5 Hz and\_ = 4)
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Fig. 4.29 Deformation zones of wrap-faced walldw{d)Lein/H=0.7 (b)Leir/H=1.0

The contours of octahedral shear strains in bdckdill with reinforcement
length of 0.H, 1.cH and 1.2H are shown in Fig. 4.30. The peak strarméd near
the end of reinforcement is limited to near thefae of backfill soil for wall with

longer reinforcement.

Octahedral shear strain

Magfac = 1.000e+000

Live mech zones shown

Gradient Calculation
0.0000e+000 to 1.0000e-002
1.0000e-002 to 2.0000e-002
2.0000e-002 to 3.0000e-002
3.0000e-002 to 4.0000e-002
4.0000e-002 to 5.0000e-002
5.0000e-002 to 6.0000e-002
6.0000e-002 to 7.0000e-002
7.0000e-002 to 8.0000e-002
8.0000e-002 to 9.0000e-002
9.0000e-002 to 1.0000e-001

Interval = 1.0e-002

(b)

Fig. 4.30 Contours of octahedral shear strain @fy@amic excitationg = 0.2g,f
=5HZ, N|_ = 6) (a)Lreinzo.m , (b) Lrein = 1.0_| and, (C)Lrein =1.2_|

Variations of incremental reinforcement straingea(rei) after dynamic
excitation for model walls with different reinforoent lengths, at different elevations,
are shown in Fig. 4.31. The maximuf, rin at first layer of reinforcement (1.5 m
elevation) are 2.8%, 2.5% and 2.3% for walls wdimforcement length of O, 1.CH

and 1.H, respectively. This indicates slightly higher rerdement strain for model
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wall with shortest length of reinforcement. Witlciaase in elevation, it is seen that
reinforcement strains for longer reinforcements hrgher than that for shorter
reinforcement lengths. The reinforcement straimaments are within range of 2.5%
and 2.0% in second and third layer of reinforcenfentwall with L, of 0.7H and
1.2H, while in fifth layer of reinforcemente, rein are 1.2% and 1.4%, respectively.

Thedea reinin top layers are minimum (< 0.5 %) for wall willifferent reinforcement

lengths.
Reiforcement length
——0.7H--- 1.0H---- 1.2H
£ ] ' yr a8 b Top reinforcement layer |
E:g_ ,’F-:—' ----- |—~.:T_ T T T M.' ----- e T T 2
8 307
5 15 -
2 0.
4 3
c 15 .
‘S
= 0
v 3
g 1
s )
S ' '
s v 2nd reinforcement layer [
e 1 -
()
3 0. T T T T T
£ 3 1st reinforcement layer [
T ' T

Length of reinforcment, m

Fig. 4.31 Variation offe, rein after dynamic excitation withyejn/H=0.7, 1.0 and 1.2a(
=0.2g9,f = 5Hz,N_ = 6)

From comparison of the results it is observed thatl with the longest
reinforcement length have least compound deformatione and reinforcement
strains are more at higher layers. At higher elematthe compound deformation
zone is longer for wall with shortdr., causing more displacement of soil and
reinforcement together, which result in lesserenwents of reinforcement strain. For

longer reinforcement model, smaller compound de&tion zone, less displacements
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and higher reinforcement strains are seen. Theraditgens presented here can also be
interpreted as, using longer reinforcement lengthkigher elevations (upto half the
height of wall) and the remaining with shorter fengement lengths balances strain

levels and lead to get the optimum benefit of i@oément capacities.

4.4.2 Effect of number of reinforcing layers

Three different reinforcing layer configurations, @ and 8 layers were
considered keeping the reinforcement lenditl) constant at OH (Table 4.3). The
displacements, RMSA amplification factors and hamial pressures for models with
different layer configurations are shown in Figd2l.In general, it is observed that the
displacementsu(andv) are larger for lesser number of reinforcemenetayBoth the
displacements are increasing with elevation fothedlthree model walls with 4, 6 and
8 layers of reinforcement. The RMSA amplificatifactors didn’t show significant
variation for all three types of walls. The changesumber of reinforcing layers do
not have significant effect on unit weight of r@rded soil. The acceleration
amplification depends on density of soil. Ling et(2005) also did not observed any
significant variation in acceleration amplificationth decrease in vertical spacing of
reinforcements. The horizontal pressures on walladmost same for wall with 4, 6
and 8 layers of reinforcement.

Variations of incremental octahedral shear strdihg.), horizontal () and
vertical () displacements along the length of backfill forllwaith 4 layers and 8
layers of reinforcement are presented in Fig. 488 Fig. 4.34. The horizontal
displacementsuj of soil near wall facing at an elevation of 5:/®5are 211 mm and
150 mm, for 4 and 8 layer configurations, respe&tyiv

Maximum vertical displacement¥)(at 5.25 m elevation and near end of

reinforcement are about 130 mm and 90 mm respégtifioe 4 and 8 layers. Both,
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Fig. 4.32 Response of model walls with 4,6 andy8ris of reinforcement subjected to
dynamic excitationg = 0.2g,f = 5SHz and_ej, = 0.H)
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Fig. 4.33 Variation offy.«, u andv along the length of backfill after dynamic
excitation forN =4 (@=0.29,f=5 Hz, L ein/H=0.7H)

TH-1326_08610406



Studies on Wrap-Faced Walls 107

Fig. 4.33 and Fig. 4.34, show thaof soil element near facing are maximum and they
decrease gradually and become negligible afteroémdinforcements, upto elevation
of 2.25 m. But at the lower layers, i.e 2.25 m aritb m, the horizontal movement of
soil element decreases to zero within reinforcedezdy.: reaches peaks within
reinforced zone and near end of reinforcement. &ygaring thedy., u andv at
different layers, it can be seen that shear defoomaone is formed within reinforced
zone and zone of relative compaction is formedrafted of reinforcement and

compound deformation zone is formed and extendeddeep retained backfill.
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Fig. 4.34 Variation offy.¢, U andv along the length of backfill after dynamic
excitation forN =8 (@=0.29g,f=5 Hz, Lin/H=0.7H)

Comparison oy, after dynamic excitationa(= 0.2g,f = 5Hz), for walls
with different reinforcing layers is shown in Fi.35. Incremental octahedral shear
strains near the wall facing are very low in théewsrof less than 2.0% at higher
elevations (5.7 m, 4.8 m and 3.6 m) for all thraerkent reinforcement layer

configurations. But thdy, values increase gradually to higher values nedroéthe
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reinforcement (4.2 m from facing). The octahedta¢as strain of 3.5%, 1.6% and
0.5% at a distance of 3.0 m from facing are obskfgewall with 4, 6 and 8 layers of
reinforcements, respectively. Thie, increases to 6.3%, 9.6% and 13.5% near the
end of reinforcement for wall with 4, 6 and 8 lagy@f reinforcements, respectively.
The contour of4y. on backfill soil of wrap-faced wall with 4, 6 ar@llayers of
reinforcement is shown in Fig. 4.36. The wall wiélsser number of reinforcement
subjected to shear deformation within reinforcesheza@and reinforced soil do not
behave as single unit. While in case of wall withhler layers of reinforcement, less
shear deformation within reinforced zone and maative settlement at end of

reinforcement indicate that reinforced soil is nmavas single block.
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Fig. 4.35 Comparison afy,c for walls with 4, 6 and 8 layers of reinforcemémt

The variations in deformation zone in backfill sofl wrap-faced reinforced
soil wall with reinforcement length G47and 1.8 are shown with schematic diagram

as shown in Fig. 4.37 schematically.
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Variations of reinforcement axial strain increme@s, rin) after dynamic excitation
for walls with 4, 6 and 8 layers of reinforcemerdg ahown in Fig. 4.38. Figure shows
that irrespective of layer configurations, all femwement layers attained local peak
strain value at around 2 m distance from facingweler, their peak values are
affected by layer configuration. The reinforcemstnain increments at top layer are
nearly 0.2% and 1.0% at 6 m elevation for wall widtand 8 layers of reinforcement,
respectively. The averagB,. within the reinforced zone, decreases with ine@eas
number of reinforcing layers and correspondifig rein increases. The increase in
number of layers of reinforcement showed highenistr at higher elevations,
indicating that reinforcement elements are effedyifunctioned by straining more

and thus reducing the facing displacements.
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Fig. 4.36 Contour of octahedral shear strain &@ecycles of dynamic excitatioa €
0.29,f = 5Hz and_ei/H = 0.7) with (aN. =4 (b)N. =6 (c)N_.=8
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ive compaction Relative compaction zone 5 i
(b) Compound deformation zone

Fig. 4.37 Deformation zones of wrap-faced reinfdrseil retaining wall after
dynamic excitation with no. of reinforcing layel) éalayers (b) 8 layers

4.4.3 Effect of backfill (angle of internal friction)

Different types of backfills, in terms of differefriction angles, 39 38 and
43 are considered and the results are shown in E89. 4he figure depicts that
horizontal displacements near facing; vertical ldispment at end of horizontal
displacements near facing; vertical displacementemdl of reinforcement and
horizontal pressures are influenced significanyytive backfill friction angle. The
vertical displacement at 5.7 m elevation near dmréiaforcement is 120.7 mm, 106.4
mm and 99.9 mm for wall with backfill friction arggB0°, 38° and 43° respectively.
The horizontal and vertical displacements are marinfior wall with backfill friction
angle of 30°; but they are comparable for 38° aft #iction angle models. The
RMSA amplification factor is almost similar for alhree types of wall at lower
elevation. However, walls with higher friction aagl(38° and 43°) showed equal
higher amplification at top. This behavior wouldjbstified with reference to the low
excitation level of 0.2g considered for this ca&ethis excitation level, the soils
having friction angles more than 38° showed simdmplacement and acceleration
response. This may also due to the fact that ueight of the soil was retained the

same in all cases. The wall with backfillicfion angle 30° is subjected to more
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Fig. 4.39 Response of model walls with backfiltfion angles 30°, 38° and 43°
subjected to dynamic excitatioa £ 0.2g,f = 5Hz,N, = 6andLej, = 0.7H)

horizontal pressure than that of wall with 38° &&3, which following typical earth
pressure theory.

Fig. 4.40 shows the comparison4f,; at reinforcement levels in the backfill
for three model walls, after the dynamic excitatiorhe length of compound
deformation zones beyond the end of reinforcemet.8 m, 3.8 m and 3.3 m at
elevation 5.5 m for walls with backfill friction gies of 30°, 38° and 43°, respectively.
The extent of compound deformation zones graduddlgrease with decrease in
elevations of backfill. The compound deformati@ne extends into deep for wall
with backfill friction angle 30° (solid line in Figt.40) causing more mobilization of
retained backfill with reinforced backfill. The sdrestrain increments are more for
wall with backfill friction angle of 30° at all elations indicating more movement of

soil.
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The variation ofde, rein for the walls with different backfill soils is sha in
Fig. 4.41. Thede, rein are more in the upper four reinforcement layerswall with
backfill friction angle of 43. This is due to higher interface friction betwesanl and
reinforcement and relatively smaller soil movemeddbtwever, in the bottom two
layers, reinforcement length extended beyond thiorehation zone within the
reinforced zone/e, rein are more in the model with backfill friction angié30°. This
may be due to the fact that huge active movemeanmhgound deformation zone) in
the upper layers, forces the bottom layers to takee load (also reflected as higher

horizontal pressures in Fig. 4.39).
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Fig. 4.40 Comparison afy for walls with backfill friction angle 30°, 38° d3°
after dynamic excitatioma(= 0.2g,f = 5Hz and_ejn/H = 0.7)
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Fig. 4.41 Incremental axial strain in reinforcemaftéer dynamic excitatiora€0.2g,
f=5Hz, L,ein/H=0.7) with backfill friction angle 3Q 38> and 43

4.4.4 Effect of reinforcement stiffness

Reinforcement stiffness values of 5.2 kN/m, 100 rkNind 152 kN/m are
considered for analyzing its effect on modekif/H=0.7H, N.=8) behavior. Results
obtained for models with these different stiffnestues are presented in Fig. 4.42 -
Fig. 4.46. From Fig. 4.42 (a) and (b), it is obsehthat the horizontal and vertical
displacements are influenced by the reinforceméfihass, and showed maximum
responses for lower stiffness values. The maximonzbantal displacements of wall
facing are 242.4 mm, 171.4 mm and 146.3 mm for wéh reinforcement stiffness
5.2 kN/m, 100 kN/m and 152 kN/m, respectively. Veetical displacement at end of
reinforcement is 130.2 mm, 103.4 mm and 92.8 mmwal with reinforcement
stiffness 5.2 kN/m, 100 kN/m and 152 kN/m respeatyivThe RMSA amplification
factors and horizontal pressures does not showfisgm variations with different

reinforcement stiffness values.
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Fig. 4.42 Response of model walls with backfillfelient reinforcement stiffness
subjected to dynamic excitatioa £ 0.2g,f = 5Hz,N. = 8 andL e, = 0.H)

Variations of horizontal and vertical displacemetdgether with octahedral
shear strains, along the length of backfill for misdwith reinforcement stiffness
values of 5.2 kN/m and 152 kN/m are shown in Fig34and Fig. 4.44, respectively.
The average horizontal displacements within recdgdrzone are 227 mm and 138
mm for wall with reinforcement stiffness 5.2 kN/mdal52 kN/m respectively. The
maximum vertical displacement near end of reinforest is 95.6 mm and 133.7 mm
for wall with reinforcement stiffness 5.2 kN/m ah82 kN/m respectively. Théy.
increases to nearly 3% and 2.3% at a distance wf om facing for wall with
reinforcement stiffness 5.2 kN/m and 152 kN/m refigely. Thedyoc is maximum
(nearly 13%) near the end of reinforcement and walyl decreases to zero at
distance of 8.0 from the facing for wall with bothinforcement stiffness. The

formation of deformation zones are influenced kg shffness of reinforcement.
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Comparison oy, at reinforcement level in backfill for three modedlls,
with different reinforcement stiffness is shownFig. 4.45. The strain increments at
an elevation of 6.0 m are decreased to negligiblaes at a distance of 8.0 m from
facing for all three walls with different reinfonoeent stiffness. It can also be observed
that at all elevations higher strain incrementswatl with reinforcement stiffness of
5.2 kN/m. The strain increments for wall with r@rdement stiffness 100 kN/m and
152 kN/m are almost same at all elevations.

The variation of reinforcement strain increments;, (ein), along the length of
reinforcement for walls with different reinforcentestiffness is shown in Fig. 4.46.
The maximumde, rein are 2.7%, 1.6% and 1.4% df feinforcement layer for wall
with reinforcement stiffness 5.2 kN/m, 100 kN/m atsR kN/m, respectively. The
reinforcement axial strains are inversely propaortio reinforcement stiffness values.
The axial strain in reinforcement with lower stéBs is higher due to more elongation

of weaker reinforcement than stronger reinforcement

End of reinforcement Reinforcement stiffness (kN/m)
¢ 52---100------ 152
1 " 1 " 1 " " 1 L

At elevation 5.25 m

oct

At elevation 3.75 m |

At elevation 2.25 m |

At elevation 0.75 m '

Incremental octahedral shear strain (Ay_), %

é ' 8 10 ' 12
Length of backfill, m

Fig. 4.45 Comparison afy,c at backfill for wall with reinforcement stiffness
subjected to dynamic excitatioa £ 0.2g,f = 5Hz and_,ei/H = 0.7,N_.=8)
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Fig. 4.46 Incremental axial strain on reinforcemeadteér dynamic excitatiora€0.2g,
f=5Hz, Lin/H=0.7,N_=8) with reinforcement stiffness 5.2, 100 and 152k

4.4.5 Effect of frequency of excitation

The wrap-faced reinforced soil walls are subjedte® Hz, 5 Hz and 7 Hz
frequency of seismic excitationa£0.2g). The horizontal displacement, vertical
displacement, RMSA amplification factor and horitadnpressures are compared
between walls subjected to different frequencieg)afitation and are shown in Fig.

4.47.

From the figure it is observed that horizontal thspments near facing are
291.07 mm and 46.21 mm for wall subjected to sesemcitation of 3 Hz and 7 Hz
respectively. The vertical displacements near thd ef reinforcement are also
maximum for wall subjected to 3 Hz seismic excttatiThe RMSA amplification
factors do not have significant variation for &lige frequencies. The highest amount

of horizontal pressures is acting on wall subjetteskeismic excitation at 3 Hz
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Fig. 4.47 Response of model walls subjected to mlynaxcitation at different

frequenciesdq = 0.2g,N. = 6andLei, = 0.H)

Comparison ofly. in the middle of two reinforcement layers, aftgndmic
excitation, is shown in Fig. 4.48. The maximuin. are 13.61%, 9.72% and 1.98%
near the end of reinforcement at elevation 5.5 mwalls subjected to dynamic
excitation of frequencies 3 Hz, 5 Hz and 7 Hz, eetipely. Thedy, near the wall
facing, are very small at elevations 5.5 m, 4.5nd 3.5 m for all walls subjected to
dynamic excitations of different frequencies. Théensity on increase iflyq for
wall subjected dynamic excitation of 3 Hz is mdrart other excitations (5 Hz and 7
Hz). But the extents of higher incremental octabkdghear strains are same for three
excitations. Therefore, the extents of compounarmehtion zones are also same for
three frequencies. The incremental axial straifag ir) developed in reinforcement

members at different elevations are shown in FigR 4
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Fig. 4.49 Incremental axial strain on reinforcemfentwalls subjected to dynamic
excitation of 3 Hz, 5Hz, and 7 Hz frequencias=(0.2g andN_ = 6)

The maximumde, rein are 4%, 2.8% and 0.8% on first layer of reinforeaem

for walls subjected to frequency of excitation oH3, 5 Hz and 7 Hz respectively.
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The maximumye, rein at top layers are 0.4%, 0.13% and 0.12% for waallgected to

3 Hz, 5Hz and 7 Hz respectively. The incrementeinforcement strains at top layer
are more for wall subjected to lowest frequencexditation due to higher soil strain

developed resulting in more mobilization. So thegtrency of earthquake effects the

behavior of wrap-faced wall.

4.4.6 Effect of seismic acceleration

The wrap-faced walls subjected to 20 cycles of nsisexcitation with
accelerations of 0.2g, 0.3g and 0.4g at 5 Hz frequeare considered. Fig. 4.50
shows the response of the model subjected to diffeccelerations. The maximum
horizontal displacement 168.8 mm and 380.27 mmwatl model subjected to
seismic excitation of 0.2g and 0.4g, respectiv@élye vertical displacement at end of
reinforcement is more than that near the facingasalt subjected to all three seismic
excitations. The maximum vertical displacement rad ef reinforcement is 227.36
mm for wall subjected to seismic excitation of 0.4ge RMSA amplification factors
at the top of wall are 1.46, 1.89 and 2.33 for vealbjected to seismic excitation of
0.2g, 0.3g and 0.4g, respectively. The lowest lootial pressure is acting on wall
subjected to seismic excitation of 0.2g.

The comparison offy. during dynamic excitation of 0.2g, 0.3g and 0.4g
accelerations are shown in Fig. 4.51. The increasasctahedral shear strain are
observed at a distance of 2 m (nearly at middleeofforcement) from the facing
depicting more shear movement for wall. The maxinagtahedral shear strains are
17%, 14.5% and 9.7% near the end of reinforcemfartsvall subjected to base
acceleration of 0.2g, 0.3g and 0.4g respectivelglevation 5.5 m. The octahedral
shear strains reduce to negligible value at amiigtaf 8.0 m, 9.0 m and 10.0 m from

facing for wall subjected to acceleration of 0.Bg3g and 0.4g respectively. This
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shows that the compound deformation zones extead deo the backfill for walls

subjected to higher excitation levels.
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Fig. 4.50 Variation of (a) horizontal and (b) vedii displacement (c) RMSA
amplification factor and (d) Horizontal pressurei@lls subjected to dynamic
excitation 0.2g, 0.3g and 0.4d=% Hz,Lei/H =0.7, N = 6)

The incremental axial strainl{, i) during the dynamic excitations of 0.2g,
0.3g and 0.4g accelerations is shown in Fig. 4TB2. maximunye, rein are 2.8% and
5.3% at first layer of reinforcement for walls sedtied to seismic excitation of 0.2g
and 0.4g respectively. But at reinforcement at digklevation (5 layer of
reinforcement) the incremental axial strains ag¥dand 1.6% for seismic excitation
of 0.2g and 0.4g respectivelyle, rein at top level is lesser for higher excitation. This
is due to longer compound deformation zones fotsamlbjected to higher excitations.
Reinforcement strains are more at lower elevatifitnem 1 to 5" layer of

reinforcements) due to more inertia force actinthimireinforced zones.
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4.5 RESPONSE OF DESIGNED WRAP-FACED WALL MODEL

Hypothetical configurations of wrap-faced wall mbdalls were considered
in earlier sections for observing the interdepergeof soil strains, reinforcement
strain and deformation zones. It is observed froenstudy that development of shear
strains is effecting the formation of deformati@nes. The strains on reinforcements
are influenced by the soil reinforcement interactiand extent of compound
deformation zone at backfill. To observe the wedponse in terms of the influence of
soil and reinforcement strains on wall responséy e high wrap-faced wall is
designed considering FHWA (2001) recommendationse Taterial parameters
considered for the design are the same as thatooelnwalls considered earlier.
However, the spacing between two layers of reimfiorent is adopted as 500 mm
(maximum spacing as per FHWA 2001) and length mffoecement as OH. As part
and design process various safety factors evalyaygoendix B) for the design wall,
subjected to 0.2 g acceleration, and listed in gab#t. The safety factors shown in
Table 4.4 indicate that the wall considered is saf@inst external and internal

stability for 0.2g acceleration.

Table 4.4 Static and dynamic Factors of safetyasfor full scale model

. [ External stability Internal stability
Loading condition
I:Ssliding FS)verturnin( FSupture FS)ullom
Static 4.16 5.34 4.98 8.69
Dynamic 1.80 1.78 4.90 8.27

Sinusoidal dynamic excitation of 0.2g accelerataarbHz frequency for 20
cycles is considered. Variations of octahedral sls@ins, horizontal and vertical
displacements along the length of backfill, afte ttynamic excitation, are presented

in Fig. 4.53. The horizontal displacement of gtément near the wall facing is 105.3
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mm at an elevation of 6.25 m and remains almossteom upto end of reinforcement
(upto 4.2 m) of wall. The vertical displacementsoil element is 41.7 mm near the
wall facing at that elevation. The maximum vertidaplacement of 77.8 mm is seen
near the end of reinforcement (at 4.2 m distanoenffacing). The horizontal and
vertical displacement decreased to negligible \shtea distance of about 7.0 m from
the facing. Higher strain values (in the range ef %) are observed near the end of
reinforcement at elevations + 3.5 m (above). Theasktrains decreased to negligible
value at 7 m from facing, at elevations 6.25 mpH®2and 4.25 m, respectively. The
Ayoct 1S Nearly 2% at a distance of 2.0 m from facirighase elevations. Comparing
the horizontal and vertical displacements and @tedl shear strains, three different
deformation zones could be expected, as explaimatea earlier sections. The less
shear deformation within reinforced zone and maative settlement at end of
reinforcement indicate that reinforced soil zonen®ving as single block.

dea_rein after dynamic excitation at different elevatioms ahown in Fig. 4.54.
The maximum axial strain increments during dynasxcitation are 1%, 1.5% and
2.0% at 11, 7" and & layer of reinforcements, respectively, and occearly at
middle of length of reinforcement. The maximum &s@ain increment is near the
facing at lower layer. The strain increments at dtedof reinforcement are due to
shear deformation of reinforced soil wall as expaai earlier (Fig. 4.23).
Discussion

The comparisons of soil strains and reinforcemeatrs developed during the
dynamic excitation show that, compound deformatextended to deep backfill
resulting in more mobilization of soil; and lessemforcement strain development.

The extent of compound deformation zones in bdclddil is, predominantly,
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influenced by the reinforcement lengthe(,) and backfill friction angle¢. It is also

observed that the longer reinforcements, reducextent of compound deformation
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zone into retained backfill and are more effectenigher layers. Hence, it can be
concluded that providing the longer reinforcemerniigher elevations and minimum
reinforcement length at lower elevations will benékcial. This may reduce the
extent of compound deformation zone into retainextkbll and balances the
reinforcement strain to get optimum benefit. Insieg the number of reinforcement
layers may reduce the facing displacement, but wnat influence on extent of
deformation zones within unreinforced backfill. Sarly reinforcement stiffness also
influences the facing displacement, but have litifience on extent of deformation
zones.
Wrap-faced wall with different reinforcement configurations

Four different wrap-faced wall reinforcement coofigtions, with 6 m high
and reinforcement spacing of 500 mm (12 layersy, @nsidered. They are (Fig.
4.55): 1) Full height, 0.H reinforcementength (ein); ii) Full heightLein, = 1.CH, iii)
Top 1/6 H (two layers),rein = 1.0H and remainind.eiy = 0.H; and iv) Top 1/2 H (6
layers),Lein = 1.0H and remainind_rei» = 0.H. Responses of the model walls after
the dynamic excitation (20 cycles= 0.2g,f = 5Hz) are shown in Fig. 4.56. Different
reinforcement configurations are denoted asipI/(H, 2L-1.0H and 6L-1.0H, in the
order.

The horizontal displacements near the facing atnd.Blevation are 100.83
mm, 60.44 mm, 73.62 mm and 60.65 mm for wall$40.Z.CH, 2L-1.0H and 6L-1.0H,
respectively. Maximum vertical displacements at #5elevation (near end of
reinforcement) are 37.26 mm, 29.08 mm, 31.93 mm 28d3 mm for the four
configuration walls, respectively. It is seen frone displacement behaviour that the
wall-2L-1.0H, could effectively reduce the deforimas by about 17-30% of that of

the wall-0.'H. Further, it is also observed that the displacgemef wall-6L-1.0H are
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almost identical to that of wall- I-Dandreduced the deformations by about 20-45%
from that of the wall-0.A. The RMSA amplification factors and horizontal pe®s
did not show significant variation among differevdll configurations. almost similar

for all three types of wall with longer reinforcents.

(@)

()

(d)

Fig. 4.55 Wrap-faced wall with reinforcement len¢dih 0.H (b) 1.(H and (c) top
three layers 119 and other layers 0¥ (d) top seven layers Hland others OH

The Ayoe; during dynamic excitations are shown in Fig. 4 BAXimum Aye
developed is 8% near the end of reinforcement fal &7H at 5.75 m elevation. For

other walls with longer reinforcement, the maximuity,; are 3.7% near the end of
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Fig. 4.56 Response of full height model walls wdtfferent reinforcement
configurations subjected to dynamic excitatian=(0.2g,f = 5Hz,N_ = 12)

reinforcement at an elevation of 5.75 m. The ineeeaf octahedral shear strains are
observed after end of reinforcement and reducasegiigible at a distance of 8 m
from facing for all walls. So the extent of compdudeformation can be reduced
considerable by increasing the length top threerkpf reinforcement to 1D The
same extent of compound deformation zone can beredd for wall with
reinforcement length 1K) and wall with reinforcement length H(or top six layers
and 0.H for other layers (6L-1.0H). By considering thepliscements discussed in
Fig. 4.56 and extent of compound deformation zomesd| with top six layers of

longer reinforcement (half of the height of wallg(6L-1.0H) are the best suitable for
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wrap-faced wall with minimum facing displacementarertical settlement near end

of reinforcement.
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Fig. 4.57 Comparison of octahedral shear strabaekfill for wall with reinforcement
0.7H, 1.0H, 2L-1.0H and 6L-1.0H subjected to dynamic exmta(a = 0.2g,f = 5Hz)

4.6 SUMMARY

Numerical model was developed to simulate the sigatable tests of wrap-
faced wall. The numerical model is validated withtal obtained from reported
physical model tests. The sensitivity analysis omerical model is performed to
observe the influences of different model paransetermodel responses.

The calibrated numerical model is used to develofullascale numerical
model of a wrap-faced wall. Different numerical rebdtudies are performed and the
results analyzed in terms of horizontal, verticapthcement, incremental octahedral

shear strains in soil, and axial strains in thafoecement elements. The formation of
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deformation zones in wrap-faced walls based onlatigpents, strains are discussed.
Three distinct modes of deformation zones: shefmrahation within reinforced zone,
relative compaction near end of reinforcement andhpound deformation zone
extending to the backfill are observed.

The influences of parameters as length of reinfoes®, number of layers of
reinforcement, backfill soil, and reinforcementffasttss on deformation zones
formation are also studied. The deformation zowesétions are mainly influenced
by reinforcement length, backfill soil and numbémrenforcement layers. The wall
with longer reinforcement at higher elevation anshimum reinforcement length at

lower elevations reduce the extent of compoundrdedtion zone in retained backfill.
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Chapter 5. STUDIES ON RIGID -FACED WALLS

5.1 INTRODUCTION

As discussed in Chapter 1, reinforced soil walldl Wwe constructed with
different types of facing. Among various facingiops, wrap facing provides highly
flexible system while full height facing providedly rigid system. Behavior of wrap-
faced wall systems were discussed in the earligpteh. In this chapter, simulation of
full height rigid-faced reinforced soil walls subfed to seismic excitation are
presented and discussed. After calibration of tn@erical model, parametric studies
are conducted to investigate the effect of diffeqgarameters. Results are presented
in terms of variations of horizontal and verticaplacements, octahedral shear strain
variations along the length of backfill, axial stimalong the length of reinforcement
at different layers. Accelerations (in terms of RM&mplification factors), horizontal
pressures and displacements are also presentegl thl®rfiull height of the wall. The

results have been analyzed to predict the locatiaieformation zones.

5.2 DEVELOPEMENT OF NUMERICAL MODELS OF RIGID-
FACED WALLS

Numerical models are developed using FIR@ simulate the shaking table
studies on rigid-faced reinforced soil wall mode¢éported by Krishna and Latha

(2009).

5.2.1 Target physical model
Laboratory model shaking table tests rigid-facethfoeced soil retaining

walls described by Krishna and Latha (2009), anesictered as reference case for

132
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generating the numerical models. The shaking teddes were conducted on rigid-
faced reinforced wall models of size 700 mm x 506 m plan and 600 mm deep.
The facing was build from 12 hollow rectangularesteox sections that were bolted
together using two vertical steel rods, to represem 600 mm high rigid wall (Fig.

5.1). The facing was fixed to a bottom plywood shesng the vertical steel rods to
represent a fixed bottom condition. The model wasstructed in a laminar box by
backfilling the wall in equal lifts of sand pluviah and with a layer of reinforcing

material laid after each lift. The reinforcementtergls were run through the bolts of
the facing system to obtain a rigid connection leetvthe wall and reinforcement.
Four layers of geotextile reinforcement of lendthi{) 420 mm (i.e., 0.F) were used

in the model. The backfill material used in the mlotksts was poorly graded sand
having dry unit weight of 16.2 kNfmand friction angle of 43°. Four different
reinforcement materials were used by Krishna anithd 42009). The low strength

geotextile is considered for the present study Wwisdaving ultimate tensile strength
of 0.104 kN/m and secant modulus of 5.2 kN/m ats2fain. The mass per unit area
of the reinforcement material was reported as 1bff.gA nominal surcharge of 0.5

kPa was applied after completion of all lifts. Aftemoving the temporary supports
on facing, model wall was subjected to 20 cyclesinfisoidal excitation at different
frequencies. Results obtained through various unsntations were discussed in
terms of facing horizontal deformations, acceleratmplification values. The details
of the test configuration and location of varionstrumentations are shown in Fig.
5.1. An unreinforced wall was also considered tmpare the results with that of
reinforced wall. The unreinforced wall configuratiovas similar to that of rigid-faced

wall but without reinforcement. Typical responsesnf physical model tests, in the
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form of horizontal displacements for unreinforcedllwand accelerations for a

reinforced wall at different elevations are showrkig. 5.2 and Fig. 5.3, respectively.
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Fig. 5.1 Test arrangement of rigid face reinforoet@dining wall in physical model
tests (after Krishna and Latha 2009)

5.2.2 Development of numerical grid

The finite difference programme, FLAE is used for development of
numerical model of rigid-faced reinforced soil vgalPhysical model construction and
testing sequence, implemented in experimental pkoee are followed in
development of numerical model. The shaking tabliérst generated as rigid zone of
800 mm long and 50 mm thick. The backfill soil igilbup in layers with same
sequence as physical model and reinforcementslacedon each layer. The model
grid of 25 mm wide and 600 mm high is considereditoulate the rigid wall and
fixed at the bottom against lateral sliding. A gafisize 600 mm high and 750 mm
long is generated to represent the backfill ofdHfgiced retaining wall. Though the

width of physical model is 500 mm, model of 100 hateral dimension is considered
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for ease of model solving in numerical simulatidrhe entire grid, representing
shaking table, rigid wall and backfill is divided humber of zones of 25 mm each.
Four layers of geotextile reinforcement of lendth,i{) 420 mm, (Krishna and Latha
2009) are used in the model. Various interfaces ase considered for proper
interaction between dissimilar elements. Fig. 5.4¢éaows the numerical grid
considered to simulate the rigid-faced retainind.wa

The construction sequence followed in the numerioadel generation is
similar to that of physical model. The foundatioane is first brought to static
equilibrium before placing the rigid wall and batkiThe wall is then placed over the
foundation zone and brought to static equilibriddorizontal movement of the wall is
restricted to represent temporary support duringstaction. The backfill model is
generated in equal lifts and reinforcement is paaier each lift. The reinforcements
are extended to the wall and attached with the wealtepresent rigid connection
between wall and reinforcement. The structural el in FLACP interact with
main grid only at structural nodes (ltasca 2008 §eogrid is rigidly attached to the
wall. But at the interface between wall and sthik geogrid nodes may arbitrarily
select nodes either from wall or from soil. So finer geogrid is considered for wall
portion, so that more structural nodes interachwiall elements. The model is
brought to static equilibrium after each lift. Aresbarge of 0.5 kPa is applied at top
and model is brought to static equilibrium. The mags of the walls are removed
after the end of construction.

The material properties for backfill soil and rerdements are assigned based
on their respective constitutive models as desdribé&ection 3.3.1 and Section 4.2.2.
The rigid wall is modeled as elastic material. Bieesstic modulus, Poisson’s ratio and

density of concrete are considered for numerigauktion. Two different interfaces
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are considered in the present model: interface dmtwbackfill soil and wall; and
interface between soil and reinforcement. The fater between the backfill soil and
wall is controlled by relative interface movemetttat depend on interface normal
stiffness k,) and shear stiffnesk{ as explained in Section 3.3.4. The interface
between the soil and reinforcement is modeledreeati spring-slider system (Section

3.3.4 and Section 4.2.2).
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Boundary conditions

The boundary conditions applied to the model regarethe actual boundary of
the physical model tests (Krishna and Latha, 2009)e bottom boundary is
completely fixed in vertical direction to represdhe rigid boundary between the
model wall and shaking table. The far end boun@dgynents are fixed ir direction
to represent the fixed container. During the cartsion, the model wall is fixed in
horizontal direction to represent the temporarynfigasupport. The lateral boundaries
are fixed iny direction to represent the lateral boundariehatside of the physical
model. After the completion of all the layers coustion, and the model was brought
to equilibrium, the facing boundaries are removayet by layer representing the
stage wise removal of temporary support. The boyndanditions after support

removal are shown in Fig. 5.5.
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Fig. 5.5 Boundary conditions of the model (notdals) in X-Y plane (plan) and Z-X
plane (side elevation)

During dynamic modeling, free field boundary is kgub at far end. The free
field boundary conditions are applied to the ldtbrundary grid points automatically.
The cyclic hysteresis and damping are applied asritied in Chapter 4. The dynamic
excitation is applied at the stiff bottom in therfoof velocity in horizontal direction

(uni-axial shaking). The model considered for dymarmanalysis with free field

boundary is shown in Fig. 5.4(b).

Selection of grid size of model

Sensitivity analysis was carried out by considetimge models with different
grid sizes of 50 mm, 25 mm and 12.5 mm. The hoteaisplacements after support
removal, during static analysis, are 1.06 mm, 1®3 and 2.03 mm. The variation of
horizontal displacements is within 5% for grid siage25 mm and 12.5 mm. For
dynamic analysis, the maximum range of frequenopggation for 25 mm and 12.5
mm grids are 38 Hz and 78 Hz, respectively (catedldor model with density 1600
kg/m® and average shear modulus of 150 kPa as mentiangdction 3.2.1). The
grid size of 25 mm is adopted for numerical simalatoy considering the speed of

calculation.
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5.2.3 Validation of numerical model

Dynamic model studies are conducted for unreinfdr@nd reinforced
retaining walls subjected to 20 cycles of sinusloiymamic motion at 0.2g base input
acceleration at a frequency of 3 Hz. The model mpatars considered for the
numerical model are listed in Table 5.1. The disptaent histories at elevations of
150, 350 and 550 mm; acceleration histories atagilenws of 150, 300 and 600 mm;
and incremental pressures at 100, 230, 380 andrBfCelevations, are recorded to

compare the results of physical model tests.

Table 5.1 Material properties used in numericalutation

Wall properties
Mass density, kg/fh 2500
Elastic modulus, kPa 2x10
Soil properties for Mohr model
Mass density, kg/f 1630
Elastic modulus, kPa 1x10
Poisson’s ratio 0.3
Friction angle, Degrees 43
Dilation angle, Degrees 15
Cohesion, kPa 0.1
Reinforcement (Geotextile) properties
Mass density, g/ 230
Thickness, m 0.001
Reinforcement (Geotextile) interface properties
Coupling spring cohesion, kPa 0.1
Coupling spring friction, Degrees 29
Coupling spring stiffness, kPa 110

A typical variation of displacements and acceleraiwith number of cycles
of dynamic loading at different elevations of bakldoil for rigid-faced wall at 0.2g
acceleration and 3 Hz frequency are shown in F@abd Fig. 5.7, respectively. The
horizontal displacements increase nonlinearly witlrease in number of cycles. The
horizontal displacement of wall is greater at higleevations of wall. The

accelerations are amplified at higher elevationgaif.
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Fig. 5.6 Typical displacement histories at différelevations during dynamic
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Fig. 5.7 Typical acceleration histories at diffarelevations in numerical simulation

The acceleration amplifications at different elémas are quantified aoot
mean square acceleratio(RMSA) amplification factor as per Eq. 4.1. Fig85
compares the variation of horizontal displacemeRMdSA amplification factors and
horizontal pressure increments at different elevetiobtained from physical tests and

numerical simulations, for acceleration of 0.2@ &tz frequency for reinforcedN( =
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4) and unreinforced walls. The maximum horizoniapthcementy) of unreinforced
wall at an elevation of 500 mm is 12.1 mm for nuicermodel and that of physical
model is 11.0 mm. For the reinforced wall the valoéu are 4.3 mm and 4.00 mm,
respectively, for numerical and physical modelse Htceleration amplifications of
unreinforced wall at an elevation of 600 mm are5lahd 1.21 for numerical and
physical model, respectively. For reinforced walD9 for numerical model and 1.14
for physical model. The incremental pressure faeunforced wall at an elevation of
100 mm is 0.19 kPa for numerical model and 0.06 fd?ghysical model. While
incremental pressure for reinforced wall is 0.33 k& numerical model and 0.23 kPa
for physical model. The comparison of results frphysical and numerical models
and their percentage differences are tabulatedaibleT5.2. The results show the

ability of numerical model to capture the behawbphysical model with reasonable

accuracy.

- ©- Unreinforced (Physical-Krishna and Latha 2009) —s— Unreinforced (Numerical)

- #- Reinforced (Physical- Krishna and Latha 2009) —&— Reinforced (Numerical)
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Fig. 5.8 Comparison of results from numerical ahgsical model tests on
unreinforced and reinforced € 0.29,f= 3 Hz and\,_ = 4): a) Displacement profiles
b) Acceleration amplification and c) Incrementaégsure
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Table 5.2 Comparison of results from physical ancharical model

Wall type Horizontal displacement (mm) RMSA ampigiion factors
Physical| Numerical| % Physical| Numerical| %
difference difference
Unreinforced| 11.1 12.1 9.1% 1.25 1.21 3.2
Reinforced 4.3 4.0 6.7% 1.14 1.09 4.4%

5.2.4 Sensitivity analysis
Sensitivity analyses are conducted to understardirtfiuence of different
parameters on model behavior. The model parametensidered for sensitivity

analysis are tabulated Error! Reference source not found.

Table 5.3 Material properties used for sensitiaityalysis

Material properties Model parameters
No. of reinforcing layers 3,4,6
Backfill friction angle, Degree 43, 38, 52
Dilation angle, Degree 10, 15, 20
Reinforcement Stiffness, kN/m 5.5, 150, 220

Comparative results are presented in termshafizontal displacements,
RMSA amplification factors and horizontal pressum&aements at different elevations.
Fig. 5.9,Fig. 5.10, Fig. 5.11 and Fig. 5.1¢how effect of various parameters: backfill
friction angle, dilation angle, reinforcement andmber of reinforcing layers,
respectively, on wall response. As discussed irp@hnat, the model is observed to be
sensitive to the variation of backfill friction adeg number of reinforcing layers and
reinforcement stiffness. Fig. 5.11 and Fig. 5.180akhow the effectiveness of

reinforcement by providing comparison with unrenctd wall.

TH-1326_08610406



Studies on Rigid-Faced Walls 143

Backfill friction angle
—=—38° ——43° ——52°

600 ———7—— 600 , ; , 600 —————7——
(b) (©)
500 - 500 F - 500 - .
400 - 400 - 400 - i
IS
E 4 L 4 - 4
c
S 300 - 300 F - 300 - .
©
>
3 | I | L |
w
200 - 200 - 200 - .
100 - 100 - 100 - .
0 P I 0 L L 0 L 1 L 1 L 1 L
9 12 15 05 1.0 15 00 06 12 18 24
Horizontal RMSA Incremental
displacement, mm amplification factor Pressure, kPa

Fig. 5.9 Sensitivity of numerical model with resptxbackfill friction angle: a)
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Fig. 5.10 Sensitivity of numerical model with respto backfill dilation angle: a)
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Fig. 5.11 Sensitivity of numerical model with respt® stiffness of reinforcement: a)

Fig. 5.12 Sensitivity of numerical model with respt® number of reinforcing layers:
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5.2.5 Dynamic response of rigid-faced walls: Displacemestand Strains

Variations of octahedral shear stains, horizonta @ertical displacements along the
length of backfill are studied for unreinforced amihforced N. = 4) wall models,
subjected to dynamic excitatioa=0.29;f=3 Hz), are being observed. Fig. 5.13 shows
the shear strain, and displacements variationsifioginforced soil wall. In general,
the maximum values of horizontal displacementaind vertical displacementg) @nd
incremental octahedral shear strain.{) are observed near the wall facing and they
decrease gradually along the length of the backfMaximum horizontal
displacements are 11.0 mm, 9.0 mm, 4.1 mm and @6 ah525 mm, 375 mm, 225
mm and 75 mm elevations, respectively. The cormedipg maximum vertical
displacementsyj are in the range of 5.52 mm - 0.5 mm. The. are 10.8% near the
wall facing at 525 mm elevation and in the orded® at other elevations. Fig. 5.14
shows the similar results for a reinforced soillwath four layers of reinforcement.
The maximumu at 525 mm elevation is 4.0 mm near the wall facé & remains
same upto the end of reinforcement (upto 420 mmtikgnFrom this point onwards a
slight decrease in the upto the end of wall, is observed. Almost simbahavior has
been observed at the other elevations also.viaee very low and almost uniform
except, near the end of reinforcement, along thegtke of backfill at different
elevations. Thely. are less than 0.75% within reinforced zone buteiase to 1.0%
at the end of reinforcement. Comparisons of unoecdd and reinforced wall
responses show significant reductionsfjg., U, andv values. Backfill soil, near the
facing is subjected to more strains in unreinfora@dl and decreases gradually, while
the maximum strains are near the end of reinforceéroe reinforced retaining wall.
These observations indicate that, the whole retefdzone acts together as rigid body

in case of reinforced retaining wall. The horizérdesplacements are not reduced to

TH-1326_08610406



Studies on Rigid-Faced Walls 146

minimum value near the far end boundary of walle Tinodel response is affected by
far end boundary for both unreinforced and reirgdreetaining wall and also reported

in literature (Krishna and Latha 2009).
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Fig. 5.13Ay.c, U andv along length of backfill after dynamic excitatitm= 0.2g and
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Fig. 5.14Ay.q, U andv along length of backfill of dynamic excitation ficginforced
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5.3 SEISMIC RESPNSE OF FULL SCALE RIGID-FACED WALL
MODELS

Seismic behavior of a full scale rigid-faced modeb m high H), 18 m long
and 1 m wide with four reinforcement layers is gtddusing the validated numerical
model. The model parameters are kept same as fthaba@atory model, except the
reinforcement parameters. A 1mm thick geotextileitgr mass per unit area of 230
g/m? with, about 152 kN/m ultimate tensile strengthadopted. The length of
geotextile reinforcement_f,) is 4.2 m as per FHWA (2001). The base of wall is
fixed against rotation and sliding. A surcharge5okPa, resembling 20 cm thick
cement concrete slab, is applied at the top of filackhe foundation of wall is
considered to be rigid hence, vertical displacesané restricted. Stability analysis
has been carried out for full scale rigid-faced|vealcording to FHWA (2001). The
factors of safety obtained for static and dynamabisity analyses are tabulated in
Table 5.4. The safety factors shown in Table S5dicate that the wall considered is

safe against external and internal stability.

Table 5.4 Static and dynamic factors of safetyfditirscale rigid-faced model

Loading condition External stability Internal stability
FSaaseindin I:S)verturnin( FSrupture FS)ullom
Static 4.16 5.34 2.00 4.34
Dynamic | 0.2g 1.80 1.79 1:97 1.95

5.3.1 Rigid-faced wall subjected to dynamic excitation

The full scale rigid-faced wall model is subject®d20 cycles of sinusoidal
dynamic excitation of 0.2g acceleratica) @t 5 Hz frequencyf). Typical variations
of displacements with number of cycles of dynaroexding, at different elevations of
backfill, are shown in Fig. 5.15. It is observedtthorizontal displacements increase
with dynamic shaking. The horizontal displacemeaiched maximum within initial 5

cycles of dynamic excitation and remains almoststamt after that.
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The response of model, after 20 cycles of excitago= 0.2g and = 5 Hz), in
the form of horizontal displacements),( vertical displacementsv), RMSA
amplification factors and horizontal pressures,rrib@ facing and at the end of
reinforcement are shown in Fig. 5.16. The maximuw@re 30.1 mm and 12.6 mm
near the facing and at the end of reinforcemernt;amresponding are 16.2 mm and
0.97 mm, respectively. The RMSA amplification fast@are 3.36 and 2.85 at wall
facing and at the end of reinforcement respectivdlige horizontal pressure variation
near end of reinforcement follows typical earthgstee distribution.

The incremental octahedral shear straihgcf), u andv displacements along
the length of backfill between two reinforcemenydis are presented in Fig. 5.17.
Thedy.; are 1.76% and 1.14% near the wall facing (confieezbne upto 0.4 m from
facing) at elevation of 5.25 m and 3.75 m respebtiv TheAy. at other part of
backfill gradually goes down to 0.3% at a distao£&.3 m and 2.7 m at elevation of
5.25 m and 3.75 m, respectively. Tinaeear the facing are 29.5 mm and 19.45 mm at
elevations of 5.25 m and 3.75 m, respectively. Uiltecrease gradually and become
less than 10 mm, after the end of reinforcemertg.vinear the facing are 11.2 mm
and 4.90 mm at an elevation of 5.25 m and 3.753pedively. Thers also decreases
gradually and less than 1mm within the reinforcedez

The incremental axial strainsde rein) in reinforcement, after dynamic
excitation, are determined and shown in Fig. 5Ek8m the figure it is observed that
Aea rein are less than 1.0% at all the reinforcement layéng reinforcement strain
increments showed maximum values, near the facimghacan be attributed to the
soil movementAyiin Fig. 5.17) near the facing. Both reinforcemeraias and soil

strains are more near the rigid wall facing.
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Fig. 5.15 Typical displacement histories at diffearelevation of rigid-faced wall
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Fig. 5.16 Horizontal, vertical displacements, RM&#plification factor and
horizontal pressure at different elevations aftgrainic excitationg=0.2g,f = 5Hz
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Fig. 5.174y.¢, u andv along the length of backfill after 20 cycles ohdynic
excitation 6=0.29,f=5Hz, L eir/H=0.7,N.=4)

The higher strain at"2 39 and 4" layer indicates higher load acting at these
layers. The load acting ori*layer of reinforcement is less due to lesser mardrof
reinforcement within backfill. This is due to lired extent of strained zone into the

backfill.
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Fig. 5.18 Incremental axial strain along lengtmeshforcement after dynamic
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By observing the variations oy, U andv, two deformation zones are
identified. The first zone (solid line in Fig. 5)1&xists totally in reinforced zone and
very close to the facing which can be consideredigh strain zone and shows
relative settlement of reinforced zone near watlrfg. The second zone (dashed line
in Fig. 5.17) is the constant strain zone whiclexgending beyond reinforced zone,
formed due to shear deformation within reinforcexhe at higher elevation. The
boundary of this zone is obtained by joining poinéving Ay, of 0.3%, as the soil
behave as elastic upto 0.3% octahedral shear $8aution 3.3.1). The zones can also
be viewed with reference to the transition (chamgeslope) in the variation in
horizontal displacements. This type of deformatemmes are also observed by El-
Emam and Bathurst (2004) and Ling et al. (2005a3ustace deformations near the
wall facing and some tension cracks in backfill.

The contours of octahedral shear strain in backil of rigid-faced wall
subjected to dynamic excitation of acceleratiorg@@d frequency 5 Hz are shown in
Fig. 5.19. Both deformation zones, that were disedsearlier, are prominently seen
the figure. It is observed that extent of high istrzones (strains above 0.5 %) are
confined very near to the wall. The extent of cansshear zone or shear deformation
zone is extended upto end of reinforcement at higevations. The deformation
zones in backfill soil of rigid-faced wall are shown Fig. 5.20, schematically. The
high strain zone or zone of relative compactioforsned very near to the wall facing
due to vertical settlement. The constant shearszdoe to shear deformation extend

beyond reinforced zone.
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Fig. 5.20 Deformation zones of rigid-faced reintmcsoil retaining wall after
dynamic excitation

5.4 PARAMETRIC STUDIES

The influence of parameters such as reinforcemength, number of
reinforcing layers and type of backfill (frictiomgle) are studied to observe the effect
on Ayoet, dea_rein @and location of deformation zones, after dynamxcitation. The

parameters considered for this purpose are listd@ble 5.5.

Table 5.5 List of parameters considered for paramstudies

Soil properties
Friction angles, degree
Reinforcement configuration

| 30,38, 43

Length of reinforcement 0.7H, 1.0H, 1.2H
No. of reinforcement layers 4,6, 8
Reinforcement stiffness (Secant modulus at 2%mg{ka/m) | 5.2, 10015z
Facing properties

Facing stiffness (Elastic modulus) (GPa) \ 1327 .4

Note: Parameters in Bold font indicate the commarameters
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5.4.1 Effect of backfill friction angle

The rigid-faced wall models with three differentkall friction angles of 30°,
38° and 43° are considered. The comparative reafiéis seismic excitatiora(= 0.2g,

f = 5Hz) are shown in Fig. 5.21. The maximum hortaband vertical displacements
of 38.44 mm and 18.59 mm observed near facingeatabn 5.5 m for wall with
backfill friction angle 30°. About 27% and 45% retlan in horizontal and vertical
displacements near the facing are observed forgehembackfill friction angle to 43°.
The RMSA amplification factors at top are 3.36 @@8 for wall with backfill
friction angle 38° and 43°. The horizontal pressud® not have any appreciable
variation for wall with different backfill frictiorangles. More than 27% reduction in
horizontal displacement and about 17% reductioneirtical displacements near the
facing are observed for similar changes in backiittion angle from 30° to 43° for
wrap-faced wall (Section 4.4.3). More reductionvertical displacements near the
facing for rigid-faced walls is due to friction dedeped between the wall and soil and
rigid fixity between wall and reinforcement.

Comparison of incremental octahedral shear strajg. developed within
soil elements after dynamic excitation for walllwiifferent backfill friction angles is
shown in Fig. 5.22. Théy, near the wall facing at elevation 5.25 m are 2.4%6%
and 1.14% for wall with backfill friction angles 8D°, 38° and 43°, respectively. The
Ayoct are within the range of 0.7% - 0.3% in reinforceahe and decreases to
negligible value at 8 m from facing. The increasevértical settlements/( near the
wall facing causes higher strain near facing faeehdifferent backfill soils. In
comparison with wrap-faced wallly,.; are more near the end of reinforcement and
strained zones are more extended in retained tidckfivrap-faced wall with backfill

friction angle of 30° (Fig. 4.40).
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Fig. 5.21 Response of model walls with backfilefion angles 30°, 38° and 43°
subjected to dynamic excitatioa £ 0.2g,f = 5Hz and_eir/H = 0.7,N =4)
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The variations in reinforcement strain incremems, (ei) for wall with
different backfill soil (friction angle 30°, 38° d3°) are shown in Fig. 5.23. A little
variation is observed in reinforcement strain fallvwith backfill friction angle 30°,
38° and 43°. This is due lesser horizontal dispteer® of wall causing lesser

mobilization of soil- reinforcement interaction digepullout of reinforcement.
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Fig. 5.234¢4 rein ON reinforcement after dynamic excitati@a+0.29,f=5Hz andLeiv/H
= 0.7) with backfill friction angle 30°, 38° and 43

5.4.2 Effect of reinforcement stiffness

The horizontal and vertical displacements and RM@&#plification factor and
horizontal pressures are compared for wall witliedd#nt reinforcement stiffness of
5.2, 100 and 152 kN/m and are shown in Fig. 5.23buA 25% and 20% reduction in
u andv are observed for change in reinforcement stifffe8kN/m to 152 kKN/m. But
about for same variation of reinforcement stiffné8%6 and 30% reduction inandv
are observed in wrap-faced walls.

Comparison oy, in backfill soil for the three model walls is shownFig.

5.25. Thedyyct near the wall facing at elevation 5.25 m are 2.2%6% and 1.7% for
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wall with reinforcement stiffness 5.2, 100 and 1&2/m, respectively. At other
elevations, almost same strain increments neawé#fifacing are observed for model
walls with different reinforcement stiffness. THe. values did not affected much
with reinforcement stiffness. A high strained zosteowing relative settlement is

formed near the facing for three model walls.
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Fig. 5.24 Comparison afy.: for walls with reinforcement stiffness 5.2, 100ddl52
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Fig. 5.25 Comparison afy. at backfill for wall with reinforcement stiffne&s2, 100
and 152 kN/m after dynamic excitatiom=% 0.29,f = 5Hz and_ein/H = 0.7,N.=4)
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Fig. 5.26 shows comparison afe, ein for model walls with different
reinforcement stiffness, after the seismic exatatiThe maximuntes rein is 0.9%,
0.6% and 0.6% at top layers for walls with reinfanent stiffness 5.2, 100 and 152
kN/m, respectively. The reinforcement strains araximum near the facing and

gradually decrease to negligible value.
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Fig. 5.264¢4_rein ON reinforcement after dynamic excitati@Q.29,f=5Hz andLein/H
= 0.7) with reinforcement stiffness 5.2, 100 an@ k&l/m

5.4.3 Effect of length of reinforcing layers

Three different reinforcement lengthis(,) 0.7H, 1.0H and 1.H (H is the
height of wall) are considered. The horizonta) énd vertical ) displacements,
RMSA amplification factors and horizontal pressusese compared between wall
models with different reinforcement lengths as shaawFig. 5.27. The figure shows
that u andv are influenced by change in reinforcement lengtimf0.H to 1.(H.
About 17% and 50% reduction inandv, respectively, are observed for change in
reinforcement length from OFto 1.(H. More reduction inv is due to decrease in

horizontal movement of rigid wall away from backfiThe RMSA amplification
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factors and horizontal pressures are almost sirfolawall with both reinforcement
lengths.

Comparison oy.. in backfill soil for three different reinforcemetgngths
(Lrein = 0.M, 1.0H and 1.H) is shown in Fig. 5.28. They,; near the facing is 1.76%
and 1.14% for reinforcement length of 0.7H and 1.@4dpectively. The strain
variation in soil for wall with reinforcement lerigtl.OH and 1.2H are almost same.
Comparisons of strain in soil depict more vertisaitlement near the facing for wall
with reinforcement length OH. As zone of relative compaction is not formed near
the end of reinforcement in rigid-faced wall aseved in wrap-faced wall (Chapter
4), wall with longer reinforcement only reducespiit&ement of wall and soil near

facing.
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Fig. 5.27 Response of model walls with,/H = 0.7, 1.0 and 1.2 subjected to
dynamic excitationg = 0.2g,f =5 Hz and\_=4)
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Fig. 5.28 Comparison of octahedral shear strabaekfill for wall with Ljn/H = 0.7
and 1.0 after dynamic excitatioa € 0.29,f =5 Hz and\ =4)

5.4.4 Effect of number of reinforcing layers

The rigid-faced wall with 4, 6 and 8 numbers ohfercing layers subjected to
20 cycles of dynamic excitation of 0.2g and frequebd Hz are considered. The
horizontal and vertical displacements, RMSA amgdifion factor and horizontal
pressures are compared between the wall modelssasdown in Fig. 5.29. The
horizontal displacements at top of wall are 29.8%,24.77 mm and 24.59 mm for
wall with 4, 6 and 8 numbers of reinforcement, exdpely. The vertical
displacements at top of wall are 17.96 mm, 9.74 amech 9.06 mm for wall with 4, 6
and 8 numbers of reinforcement layers respectivihe variations of horizontal and
vertical displacements are almost negligible forllwaith 6 and 8 layers of
reinforcements. The RMSA amplifications at top a&r&6, 3.12 and 3.0 for wall with
4, 6 and 8 layers of reinforcement, respectivélyne horizontal pressures are almost

same for wall with 4, 6 and 8 layers of reinforceme
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The 4y.: away from reinforcement layer in backfill soil asempared for wall
with 4, 6 and 8 layers of reinforcement in Fig.(.&ommon elevations, which are
not at reinforcement levels, are considered foem@nation of4y... The maximum
Ayoct IS near the wall and is almost remain constarr &t4 m from facing within
reinforced zone, then decrease to negligible vatue distance of 8 m from facing at
higher elevation for wall with 4, 6 and 8 layers reinforcement. The maximum
incremental shear strain at elevation 5.7 m 2.52% wall with 4 layers of
reinforcement and 2.15%and 2.08% for wall with @&l & layers of reinforcement.
The variation of octahedral shear strain along hidckhows a zone of relative
settlement near the facing and shear deformatitimmwieinforced zone for wall with

4, 6 and 8 layers of reinforcement.
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Fig. 5.29 Response of model walls for wall witt64and 8 layers of reinforcement
subjected to dynamic excitatioa £ 0.29,f = 5Hz and_eiy/H=0.7)
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Fig. 5.30 Comparison afy, at backfill for wall with 4, 6 and 8 layers of
reinforcement after dynamic excitatiam= 0.29,f = 5Hz and_ein/H = 0.7 )

5.4.5 Effect of facing stiffness
Studies of reinforced soil walls with varying badkkoil, reinforcement

length and stiffness show that formation of defdramazones of reinforced soil walls
are affected by the flexibility of facing (wrap amdjid-faced walls). Wrap-faced
walls are highly flexible in nature. Rigid-faced lwaith different facing stiffness
27.4 GPa and 15.2 GPa, resembling M30 and M10 graderete, are considered for
analysis. The results are compared between themalkels with facing stiffness 27.4
GPa and 15.2 GPa subjected to dynamic excitatidn2of acceleration and frequency
5 Hz and is shown in Fig. 5.31. The horizontal Bispment at top of wall is 29.9 mm
and 39.6 mm for wall with facing stiffness 27.4 Gitad 15.2 GPa respectively. The
vertical displacements of backfill soil at top @@.96 mm and 22.41 mm for wall
with facing stiffness 27.4 GPa and 15.2 GPa resmdygt About 32% and 25%

change in horizontal and vertical displacementbhiseoved for small change in facing
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stiffness (27.4 GPa to 15.2 GPa). The RMSA ampliion factors at the top of
backfill are 3.12 and 2.81 for wall facing stiffise®7.4 GPa and 15.2 GPa,
respectively. The horizontal pressure acting ol wigh lesser stiffness is more than
that of model with higher wall stiffness.

Fig. 5.32 shows comparison df,. between two reinforcement layers after
dynamic excitation. The variation of octahedralahstrain along backfill shows a
zone of relative settlement near the facing andrsdeformation within reinforced
zone for wall with facing stiffness 15.2 GPa and.42TGPa. The locations of
deformation zones are different for rigid walls hvidifferent stiffness from that of

warp faced walls.
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Wall face End of reinforcement
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Fig. 5.31 Response of model walls with backfillfelient facing stiffness 27.4 GPa
and 15.2 after dynamic excitatiom£ 0.29,f =5 Hz and_ein/H = 0.7 )
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Fig. 5.32 Comparison of v at backfill for wall withcing stiffness 27.4 GPa and 15.2
GPa after dynamic excitatioa € 0.2g,f = 5Hz and_ejr/H = 0.7)

5.4.6 Effect of frequency of excitation

Seismic excitations of acceleration 0.2g at différgequencies 3 Hz, 5 Hz
and 7 Hz are considered in this section. Theltsesar the walls subjected to
different excitation frequencies are shown in B@3. The maximunu near the wall
facing are 19.08 and 54.66 mm for wall subjectedeismic excitation of 3 Hz and 7
Hz, respectively. Ther near wall facing is maximum for wall subjected #oHz
seismic excitation. The RMSA amplification factatstop of wall are 2.03, 3.36 and
3.82 for model walls subjected to 3 Hz, 5 Hz anéiZ respectively. The results
indicate that frequency of excitation has significaffect on the response of the
structure in all the parameters. Among the rangdrexfuencies considered, 7 Hz
frequency excitation showed larger response. Buthfe same range of frequencies,
in case of wrap-faced walls, higher displacemerdésnaserved for model subjected to

3 Hz frequency of excitation.
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Fig. 5.33 Response of model walls with backfillfeiient frequency of excitatiom &
O.Zg and_rein/H = 0.7 )

The comparisons ofy..: in backfill soil (in the middle of reinforcing lay)
after different dynamic excitations are shown ig.F3.34. The maximumy. near
the facing are 1.22%, 1.76% and 2.97% at elevahi@» m for wall subjected to
seismic excitation of 3 Hz, 5 Hz and 7 Hz frequesgcrespectively. A small increase
of 1.39% at 5.75 m elevation is observed near tiet & reinforcement for wall
subjected to seismic excitation of frequency 7 Hze strain reduces to negligible
value at 10 m from the facing. A high strain contmac zone near the facing and
shear deformation zone extending to 6 m into rethimone is observed for wall
subjected to excitation of 7 Hz frequency. The,: increases near end of
reinforcement and reduces to negligible value atlf’fom wall facing at elevation
5.25 m. The increase idy,; after end of reinforcement shows formation of
compound deformation zones as observed in wramfagalls (Fig. 4.21). The

frequency of excitation effect the deformation zooérigid-faced walls.
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Fig. 5.34 Comparison afy at backfill for walls subjected to dynamic extibas of
frequency 3 Hz, 5 Hz and 7 Ha £ 0.2g and..i/H = 0.7)

5.4.7 Effect of acceleration of dynamic excitation

A stepped amplitude sinusoidal function at 3 Hmfiency is considered to
observe the behavior of rigid-faced wall at differeacceleration levels. The
amplitude is increased at 2 second interval (aiecycles) from 0.1g to 0.6g

acceleration with 0.1 g step (Fig. 5.35).

Acceleration (g)

Time (s)

Fig. 5.35 Input base stepped acceleration
Comparison of the results at different accelerakemels for wall subjected to

stepped excitationa(= 0.1g to 0.6gf = 3Hz) is shown in Fig. 5.36. The horizontal
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displacements are 18.4 mm, 36.0 mm 65.4 mm at fteyath near the facing at input
accelerations of 0.2g, 0.4g and 0.6g, respectiv€lye horizontal displacements
increase with increase in input acceleration. Téical displacements are 12.2 mm,
17.0 mm and 18.35 mm at top of backfill near wadihg at input acceleration of 0.2g,
0.4g and 0.6g, respectively. About 2.5 times ineeeia horizontal displacement and
35% increase in vertical displacements are obsewidldl increase in acceleration
from 0.2g to 0.6g. The RMSA amplification factore 4.68, 1.64 and 1.63 at top near
wall facing at input acceleration of 0.2g, 0.4g d&nélg respectively. The maximum
horizontal pressures are 50.2 kPa, 89 kPa and Pa2ak input acceleration of 0.2g,
0.4g and 0.69g respectively. The horizontal pressarewall increase with increase in
input accelerations, due more inertia force at &igitceleration.

The octahedral shear strain within backfill soitldterent input acceleration is
shown in Fig. 5.37. It is observed from the figtinat at acceleration level of 0.2g
and 0.4g, the strained zones are very near to #ile But at 0.5g and 0.6g excitation
levels, the strained zones are extended into thep dmackfill. Similar increased
deformation zones with increase in acceleratioelewere reported by Watanabe et
al. (2003), EI-Emam and Bathurst (2004) and Nakajgnal. (2008).

Fig. 5.38 shows the variation of incremental octieshear strains4fcy)
along the length of backfill soil at excitation é&hof 0.2g, 0.4g and 0.6g. Thig, are
determined in between two reinforcement layers. Ahg: are 2.68%, 2.0% and
1.25% near the facing at an excitation level ofjp@4g and 0.2g, respectively, at an
elevation of 5.25 m. Thdy,. decreases to value as low as 0.5% at distancé&ah0
from wall facing at elevations 5.25 m and 3.75 nalhexcitation level. A small peak
in Ayoct IS Observed at the end of reinforcement for acagt of 0.6g at elevation

5.25 m and 3.75 m. The reduce to negligible value beyond 8.0 m from viadk.
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Fig. 5.37 The octahedral shear strain on bacldillafter 2 sec dynamic excitation of
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The incremental axial strains in reinforcement merab{le, rei) during
dynamic excitation are determined along the reg#orent length and shown in Fig.
5.39. Thede, reinare 1.63%, 1.10% and 0.59% at an excitation le/6l6g, 0.4g and
0.2g respectively at®layer of reinforcement. The incremental axial istdecreases
to negligible value near the end of reinforcemeantviall subjected to excitation of
0.2g and 0.4g. The incremental axial strains a48%.and 0.40% at top an{f &ayer
of reinforcement and negligible value for otherdayof reinforcement for wall
subjected to excitation of 0.6g. The top two layeirseinforcements are within the
strained zone of soil at higher excitation leveheTe, rein inCreases depending on

extent of soil strain zone.
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5.5 COMPARISON OF WRAP-FACED AND RIGID-FACED
WALLS BEHAVIOUR

The behavior of wrap-faced and rigid-faced reinéoravalls is compared to
observe the effect of facing on wall behavior. A & high wrap-faced and rigid-
faced wall with 6 layers of reinforcement havingtiel spacing of 1m each are
considered for comparison. The length of reinforeetms kept as OH for both walls.
Both walls are subjected to dynamic excitation otederation 0.2g and 5 Hz
frequency. The comparison in terms of horizontal aertical displacements, RMSA
amplification factors and horizontal pressuressirewn in Fig. 5.40. In general, it is
seen from the figure that the displacements agefan wrap-faced walls and RMSA
amplifications are larger in rigid-faced walls. Theximum horizontal displacement
near wall facing is 24.77 mm and 173.16 mm fordkfgiced wall and warp-faced wall

respectively. The vertical displacements near Weaé and end of reinforcement for
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wrap-faced wall are 55.81 mm and 106.44 mm resgegtiwhile that for rigid-faced
wall are 9.74 mm and 1.88 mm, respectively. The RM#plification factor is 1.46
and 3.12 at top near the wall edge for wrap-facedi regid-faced wall respectively.
The RMSA amplification factor decreases in wrapethevall due to more horizontal
displacement and that decreases the stiffnessilof Boe horizontal pressure is same
for both wrap and rigid-faced wall upto elevatidn?2o4m. The horizontal pressure at
1.2 m elevation is 28.6 kPa and 121 kPa for wraedaand rigid-faced wall,
respectively. These higher pressures at lower #tas in rigid-faced walls, are due

to the fixed condition at the facing bottom.

Wall face End of reinforcement
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—v— Rigid faced - <v- Rigid faced
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Fig. 5.40 Response of wrap and rigid-faced wallh after 20 cycles of dynamic
excitation 6=0.29,f = 5HzLiy/H=0.7,N.=6)

The 4y.¢, horizontal and vertical displacements along #@mgth of backfill for
wrap-faced and rigid-faced walls subjected to dyicae®citation of acceleration 0.2g
and frequency 5 Hz are shown in Fig. 5.41. Figl@¥shows strain increments of

2.9% at 2m from face of wall and more than 9.7% ka end of reinforcement at
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elevation 5.5 m for wrap-faced wall. The horizordeplacementsuj of soil element
within reinforced zone are maximum and they gradguaduce to negligible value.
The vertical displacements)(increases suddenly near the end of reinforcenkegt.
5.41(b) shows thatly,. is 2.02% at elevation of 5.5 m near the facinghfioed to
zone upto 0.4 m from facing). The horizontal arettical displacements are
maximum near the facing and decrease gradually.

The deformations of wrap-faced wall subjected taahgic excitation consist
of three different modes: shear deformation withminforced zone, relative
compaction near end of reinforcement and shear eowtending to backfill zone.
However, high strained deformation zone in rigidefd wall is very close to the
facing. The variation of location of probable defation zones in wrap and rigid-
faced wall is due to the flexibility of facing cdinforced soil wall.

The variation in4ea rein after dynamic excitation along the length of
reinforcement for wrap-faced and a rigid-faced wallshown in Fig. 5.42. The
maximumdea_rein IS Nearly 0.2% at 1.4 m and 1% at 0.3 m from fador wrap-faced
and rigid-faced walls, respectively. The maximud .in are within 1% near the
facing for rigid-faced walls and within 2.5% at rdid of reinforcement length for
wrap-faced walls. The reinforcement strain is maximmear the facing forlayer of
reinforcement for wrap-faced walls. The comparisbmeinforcement strain in wrap
and rigid-faced reinforced walls shows that shedomination of soil occurs near the

middle of reinforcement for wrap-faced wall and mise facing for rigid-faced walls.
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Discussion

Comparison offyqet, U, V and4e, rein @and corresponding deformation zones for
rigid-faced and wrap-faced walls are discusseds bbserved that reinforced wall
with flexible facing as wrap-faced wall has comelgtdifferent deformation zones
from that of rigid-faced walls. The deformation ferap-faced walls can be divided
into three different zones. The shear deformatippr@aimately at the middle of
reinforcing layers, settlement at the end of raicémnent and compound deformation
zone at the retained backfill. The strain developedeinforcement during dynamic
excitation depends on location of soil strain.ind-faced wall deformation zones are
formed near the wall facing and strain developethiwireinforced zone and at
retained zones are very low. Therefore, no sucbrdeftion zone other than that near

the wall facing is formed in rigid-faced wall. Thvariation in deformation zone is

173
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due to facing flexibility. The design of reinforcesdil wall considering the facing

flexibility is important for proper evaluation ogéinforcement loads.

5.6 SUMMARY

Numerical model was developed and validated to sitatthe shaking table
tests of rigid-faced walls. The calibrated numdrioadel was utilized to develop a
full scale numerical model of rigid-faced wall. Camic behaviour of model wall
subjected to sinusoidal excitation was discussesvdirying different model and
excitation parameters. The displacements and stomreloped within model for full
scale model are determined and analyzed. The chasigains and displacement
within backfill soil signifies two deformation zogsen the backfill: a) high strained
zone near the wall facing and b) shear deformagidanded to some part of retained
backfill. The response of wrap and rigid-faced wake compared to analyze the
effect of facing. The formation of deformation zensoil strains and reinforcement

strains are different for wrap-faced and rigid-theells.
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Chapter 6. MODEL WALLS SUBJECTED TO
DIFFERENT EARTHQUAKE MOTIONS

6.1 INTRODUCTION

Seismic studies on the reinforced soil retainingll waodels are being
generally conducted for sinusoidal excitations amstant frequencies (Sakaguchi,
1996; Ramakrishna et al. 1998; EI-Emam and Bath8§5 and 2007; Sabermahani
et al. 2009; Krishna and Latha 2007 and 2012; lnd king, 2012). These idealized
studies, only give relative behavioral aspecthefrmodel structures. However, during
the real earthquake excitation model behavior gnicantly affected by various
ground motion parameters, especially, the frequarmytent (Hatami and Bathurst,
2000; Cakir, 2013; Athanasopoulos et al. 2013). Téal earthquake excitation
contains wide range of frequency contents. In tightlof importance of real
earthquake motions, few researchers studied thavimehof structures using different
recorded/modified ground motions (Cai and Batha@95; Helwany and McCallen
2001; Ling 2005b; Liu 2009; Lee et al. 2010; Liuaét2011; Lee and Chang, 2012;
Cakir, 2013; Lee and Chang 2012; Liu and Ling, 3014

The frequency effects on response of wrap-facedraid-faced reinforced
soil wall models are discussed in Section 4.4.5%&xtion 5.4.6. It was discussed that
responses of the model walls depend on the frequainexcitation. The influence of
frequency on response of structures depends upagpraiximity to the fundamental
frequency of the system. This chapter presents ricahenodel studies on both the
wrap-faced and rigid-faced reinforced soil retagniwalls, subjected to different

actual earthquake excitations which are rich infteguency content.
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The wrap-faced and rigid-faced walls describedant®n 4.5 and Section 5.3,
respectively, are considered for numerical simafatiStability analyses have been
carried out for full scale wrap and rigid-facedhferced soil wall models according to
FHWA (2001). The factors of safety (FS) obtaineddtatic and dynamic stability are
tabulated in Table 6.1. For internal stability,tasbed among different internal
stability FS values (F&uwreand FQuiou) at different reinforcement layers, the lowest
safety factors are reported. In FHWA (2001) extestability of reinforced soil walls
depend on backfill soil type of reinforced and meta soil, length of reinforcement
and loading if any. However, the internal stabilidepends additionally on
reinforcement spacing. As reinforcements spacimydiiferent for wrap faced and
rigid faced walls, factor of safeties against intdrstability are different. The safety
factors shown in the Table 6.1 indicate that thélsmeonsidered are safe against
external and internal stability for 0.2 g accelemratievel, while for 0.3g acceleration

level FSyertuming are marginal.

Table 6.1 Static and dynamic Factors of safetyasfor wrap and rigid-faced walls

. - External stability Internal stability
Loading condition

I:Soaseslidin I:S)verturnin( FSupture I:Spulloui
Static Wrap 4.16 5.34 4.98 8.69
Rigid 4.16 5.34 2.00 4.34

0.2g 1.80 1.78 4.90 8.27

Wrap | 434 1.48 1.43 4.87 7.94

Dynamic

Rigid | 0.2g 1.80 1.79 1.97 1.95

0.3g 1.48 1.43 1.95 1.61
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6.2 FUNDAMENTAL FREQUENCY OF MODEL WALLS

The fundamental frequency (FF) of the wall systeams estimated by
theoretical and numerical methods. The theorefigatlamental frequencyfif) for
two dimensional models is estimated as per Equa&ibr{\Wu 1994) that introduces a
shape factor@F). f; is the fundamental frequency of equivalent one dsmanal (1-
D) linear elastic model which is estimated basedheight {H), shear modulusQ)
and densityd) of soil according to Equation 6.2. The shapedia@Eq. 6.3) takes into
account the heightH) and width B) of the two dimensional (2-D) model and

Poisson’s ratio of they) of the medium

fll == GF.fl 61
1 G S
1 H
6F= |1+(5)5 6.3

The average shear modulus of rigid faced wall 80810 kPa and that of
wrap faced wall is 1.35xfPa. The reduction in shear modulus in wrap fagalf
is due to low confining pressure developed in wiaged wall for its flexible facing.
The fundamental frequency of wall for a height ohthas been evaluated as 7.07 Hz
for rigid faced wall and 4.38 Hz for wrap faced xad per Wu's (1994) equation. The
fundamental frequency is also determined from fuggration response of the
numerical model after a small dynamic excitation sagygested by Zarnani and
Bathurst (2009). The FF values obtained by thishoetare 6.81 Hz and 3.98 Hz for
rigid-faced and wrap-faced walls, respectively. Tine@del wall parameters and
fundamental frequency values are summarized ineT@ld. For the rigid-faced walls

of 3 m high is also considered and FF is foundet@albout 11.98 Hz.
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Table 6.2 Fundamental frequency values of reinfbsmal wall models

Type of wall | Height| Average shear Density Theoretical Numerical
modulus (kPa)| (kg/m®) (Wu’s method)| (FLAC®P)
Hz Hz
o 6m 3.50x10 1600 7.07 6.81
Rigid-faced
3m 2.41x10 1600 11.74 11.98
Wrap-faced | 6m 1.35x10 1600 4.38 3.98

6.3 EARTHQUAKE GROUND MOTIONS

The full scale wrap and rigid-faced reinforced getlaining wall models are
subjected to five real earthquake motions. Grourations recorded during 1966
Parkfield, 1976 Friuli, 1989 Loma Prieta, 1995 Kplbed 2001 Bhuj earthquakes,
having moment magnitude values ranging from 6.7.6 are selected for the study.
Fig. 6.1 shows actual acceleration time historfesanthquake ground motions. It can
be seen from the figure that these different gromudions are with different peak
ground acceleration (PGA) levels, durations anduemcy contents. Details about all
the five earthquake ground motion records aredisteTable 6.3. From the table it
can be seen that PGA values are in the range aft &b g to 0.82 g. It is also to be
noted that, having the same moment magnitudg) (Milue of 6.9, Loma Prieta
earthquake and Kobe earthquakes showed very diff@t&A values as 0.25 g and
0.82 g, respectively, as well different duratiodthis shows the importance of
consideration of real earthquake ground motionsciwhinay be different with
different frequency content and their magnitudes.

To study the frequency effects of real earthqugk@®ind motions, on the
seismic behavior of the full scale models, PGAsabfthe five earthquake ground
motions are scaled to one PGA value of 0.3g. Fuyrttee eliminate the ground

motions duration effect, equal duration of 10 snpasing the significant acceleration
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amplitudes (as shown within dotted lines in Figl(&)) are considered for the
simulations. The scaled ground motions of differeatthquakes (with PGA of 0.3g
and duration of 10 s) are shown in Fig. 6.1(b). Big(c) shows the frequency content
of the scaled earthquake acceleration historieoutir FFTs (Fast Fourier
Transformations). It can be observed from the fgilwat the ground motions exhibit
different predominant frequencies ranging from 8.67z for Loma Prieta EQ to

5.437 Hz for Parkfield EQ.

Table 6.3 Ground motion parameters of actual gaeke records

NSCI)_ Earthquake Date Ground station Dur(zt)ion P((S? (cI:nclas\gc) Tc(r;n? M.

01 | Parkfield| 28/06/1966 CMDS statign 43.89 0.138 6.84 267 641
1014

02 Friuli 06/05/1976 Unknown 20.00 0.479 31.24 7.4%.5

03 | Loma Prieta18/10/1989 Emeryuville 20.53 0.249 43.30 9.60 B.9

04 Kobe 16/01/1995% Unknown 40.00 0.818 90.35 15389

05 Bhuj 26/01/2001 Ahmedabad 133.525  0.099 1306 94 7. 7.6

6.4 MODEL RESPONSE FOR EARTHQUAKE MOTIONS

Scaled earthquake ground motions are applied ag extitations at the base
of rigid-faced and wrap-faced reinforced soil walbdels and responses are observed
in terms of accelerations, displacements and stralig. 6.2 presents input
acceleration and acceleration history responsesinaa at top of backfill (at 6 m
elevation and at 1 m away from the facing) foreléint earthquakes. Fig. 6.3 presents
Fast Fourier Transformations (FFT) of input acagiens and FFTs of acceleration

responses obtained at top of backfill for differeatthquakes.
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Fig. 6.1 Earthquake ground motion records (a) Adtistories; (b) Scaled histories
for 10 second duration and 0.3 g PGA and, (c) FéfTke scaled ground motions

TH-1326_08610406



Model Walls Subjected To Different Earthquake Matio 181

It is seen from the figures that accelerationssagaificantly amplified at the
top surface of both the walls. Peak acceleratidsserved at the surface, are within
the range of 0.4 g to 1 g for different base eardkg motions having the same (0.3 g)
peak acceleration. From the FFT spectra, it ischthtat for rigid-faced walls the peak
values of frequency curves are obtained almostnareow range of frequency values
(6.5 to 6.8 Hz) against different predominant fregey values of the input motion at
base of the wall. Similarly, the peak values ofjtrency curves for wrap-faced walls
are in a narrow range of 3.7 to 4.0 Hz. With thedamental frequency of the wall
systems considered, it can be inferred that theowarange of predominant frequency
values are very close to the FF values. From ths&evations, it can be stated that
frequency content close to the natural frequencthefsystem will be amplified the
most and influence the response of the system. ddnsalso be depicted in terms of
transfer functions as shown in Fig. 6.4. Transfienction (TF) is a measure of
amplification of amplitudes corresponding to diffiet frequencies of input signal to
the output signal. Mathematically, TF at a giveegfrency(f) is defined by Eq. 6.4
(Kay 1988) where P, is the cross power spectral density (Welch 1967nhput
signal {, base acceleration) and output sigrmalgcceleration at top); an@®; is the

power spectral density (PSD) of input signab@se acceleration).

Pio(f)
TF;,(f) = Pulh) 6.4

Fig. 6.4 shows the PSDs of input acceleration ael§A0) and at top of backfill (A3)
along with its transfer function for Loma Prietarkfield and Bhuj earthquakes, for
rigid-faced walls. It is observed from the figuteat frequency corresponding to the
maximum amplification at top of backfill is 6.9 Har Loma Prieta EQ, 6.6 Hz for

Parkfield EQ and 6.9 Hz for Bhuj EQ. Similarly résufor wrap-faced walls
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subjected to Parkfield and Bhuj earthquakes arevshia Fig. 6.5. The maximum
amplification at top of backfill is at 3.7 Hz foraFkfield EQ and 3.6 Bhuj EQ. The
amount of magnification of acceleration at the adpackfill is much higher for rigid-

faced reinforced walls with respect to wrap-faceidfiorced soil walls.

To verify the effect of natural frequency of thelmsystem, which is mainly
depending on the height of model wall, a rigid-theeall model is analyzed with 3 m
height. Natural frequency of this model wall is abb2 Hz (Table 6.2).

Fig. 6.6 shows the input acceleration at base df aad corresponding
acceleration at top of backfill (at 3 m elevatiamd their Fourier amplitude spectrum
of 3 m high wall subjected to scaled Bhuj earthguakcitation. It is observed from
the figure that the FFT at top of backfill showgter amplification amplitude at a
frequency of 11.92 Hz. This frequency value is vasar to the fundamental
frequency of 3m high wall model. Fig. 6.7 shows B®Ds of input acceleration at
base (A0) and at top of backfill (A3) along witk ttansfer function in 3 m high rigid-
faced wall for Bhuj earthquake. The maximum trandienction magnitude is
observed near the fundamental frequency of théareed soil wall, i.e around 12 Hz.
So, together with the observations presented in &® to Fig. 6.7, it can be stated
that, when a retaining wall is being subjected dal rearthquake excitation, which
contains different frequency content, amplitudes fegquency close to the
fundamental frequency of the wall will be amplifigee most.

Further, the results of rigid-faced walls, in tharnhi of variations of horizontal

displacement, RMSA amplification factors and hontad pressures along height of
the wall after different dynamic excitations areeggnted in Fig. 6.8(a). A general
observation from the figure is that horizintdisplacements and acceleration

amplification (RMSA factors) profiles are difent for different earthquake
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excitations; while horizontal pressures are more legs identical. Maximum
horizontal displacements at the top of wall aregeahwithin 42.38 mm for Parkfield
and 24.48 mm for Kobe earthquake. The maximum bota displacements are
39.32 mm, 31.34 mm and 30.52 mm observed respbctmeBhuj, Friuli and Loma
Prieta earthquakes. From the plot, it is also ofegkrthat maximum RMSA
amplification factor is 4.74 for Parkfield earthggaand the minimum value is 2.19
for Kobe earthquake. The RMSA factors for Friulgjup and Loma Prieta earthquake
are 3.74, 3.95 and 3.14, respectively. The reaspigdtting the maximum response
for Parkfield earthquake can be justified withgtedominant frequency which is 5.45
Hz. This is close to the fundamental frequencyhef model considered. However, it
could not be figured out reason for the relativapmnses with the other excitations.
No single ground motion parameter (predominantuesgy, PGA, PGV, and
PGA/PGV) is proportionally related to structurepesse as shown in Table 6.4. The
transfer function gives the amplification of amgptles at top of wall. It is observed
from Fig. 6.4 that maximum transfer function magdé is observed within a range of

5-9 Hz for rigid-faced walls. To establish possit#étion with the frequency content
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of the excitation, cumulative Fourier amplitudesastelerations within the range of
5-9 Hz frequency (the zone of maximum transfer fismcmagnitude) are evaluated,
which are also presented in Table 6.4. It is ob=@that this parameter indicating the
frequency content within 5 to 9 Hz is proportiotalthe response of the structure in
terms of maximum displacement and PGA at the serfalhis indicates that
frequency content of the earthquake ground motighinvthe range of frequencies
close to the fundamental frequency of the structwi influence the structure
response. Further it is also to be noted that ant@s corresponding to the natural
frequency of the system will be amplified the mossulting higher amplification
factors.

To verify the above statement, the horizontal dispiments, RMSA
amplification factors and horizontal pressures gltre height of wall after different
dynamic excitation for wrap-faced walls are plotiadFig. 6.8(b). The cumulative
Fourier amplitude near the fundamental frequenathiwa range of 3-5 Hz (the zone
of maximum transfer function) are evaluated frorg. .5 and shown in Table 6.4.
From the table it is observed that cumulative Feruamplitudes are 0.77, 1.53 and
1.08 for Parkfield, Bhuj and Kobe earthquakes amaresponding horizontal
displacements are 81.99 mm, 307.9 mm and 207.9 mespectively. So the
amplitudes for the frequency content nearest tduhdamental frequency and within
a range of increase in transfer function magniiicatre affecting the response of

reinforcement soil walls.
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Table 6.4 Ground motion parameters and responsasatdd earthquake excitations

Ground motion parameters Responses
hauak T (1 E::gﬁg:gsr(ltHz) of Maxi'fF_QMSA f Horizontal
Earthquakes i ' ithi amplification factor
a Predominant| p -5 | pgy | PGA/ [2MPlitudes within J, History at top g 1 displacement (mm)
Frequency frequency
(H2) (9) (m/sec) | pgv wall
5-9Hz | 3-5 Hz
(RF) | (WF) RF WF RF WF RF WF
Parkfield 5.437 0.3 0.137 2.1901.795 0.77 6.557 3.784 4.74 251 42.38 81.99
Bhuj 1.233 0.3 0.353[ 0.850 1.183 1.526 6.667 3.723 3.95 2.8 39.32 307.
Friuli 1.962 03| 0.211]| 1.42p 0.82 1.129 6.762 3.906 3.74 3.31 31.34 169.
Loma Prieta 0.673 0.3 0.458 0.6p550.395 0.627 6.762 3.784 3.14 2.46 30.52 228.
Kobe 1.457 0.3] 0.291f 1.0310.456 1.081 6.670 3.845 2.19 2.85 24.48 207.
RF: Rigid-faced wall
WF: Wrap-faced wall
190
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Fig. 6.9(a) shows displacement histories at topwall during dynamic
excitation of different earthquakes of rigid-facedll. The maximum displacements
are ranging from 47.09 mm for Parkfield earthquak6.186 s, to 27.54 mm at 6.04 s
for Kobe earthquake excitation. The maximum disphaent and its time of
occurrence for different earthquakes are diffedeggending on frequency content of
earthquake. The highest wall displacement is duegbest frequency content within
5-9 Hz frequency of Parkfiled earthquake. In similmay Fig. 6.9(b) shows
displacement histories at top of wrap-faced wallirdy dynamic excitation of
different earthquakes. The maximum displacemergs388 mm at 9.99 s for Bhuj
earthquake and 83.51 mm at 9.417s for Parkfieldhgaake. The highest wall
displacement for wrap-faced wall is due to highesguency content within range of
2.5-4.5 Hz for Bhuj earthquake.

The histories of incremental lateral pressure$). 525 m from base and near
the wall for rigid-faced walls, during differentréaquake excitations are shown in Fig.
6.10(a). The maximum incremental lateral pressoréarkfield earthquake is 50 kPa
at 5.38 s, for Friuli earthquake is 27.5 kPa an#.38 s, for Loma Prieta 30.9 kPa at
2.98 s, for Kobe earthquake is 28.7 kPa and at 8.9nd for Bhuj earthquake 34.6
kPa at 2.67 s. The histories of incremental pressacting at same location for wrap-
faced walls, during different earthquake excitadi@me shown in Fig. 6.10(b). The
maximum incremental lateral pressure for Bhuj epréke is 22.32 kPa at 0.99s and

for Parkfiled earthquake is 6.015 kPa at 7.107s.
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Fig. 6.10 Comparison of incremental horizontal puee on (a) rigid-faced wall (b)
wrap-faced wall during dynamic excitation for ditat earthquakes

It is seen from Fig. 6.9 and Fig. 6.10 that ocauree of peak values of
displacement and incremental earth pressures #Hezetht for the same excitations.

Similar such observations were also reported byirGaR13) and Athanasopoulos et
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al. (2013). Further, it is also noted that latesghamic earth pressures are varied

significantly, in spite of equal PGA values.

Comparison of contours of octahedral shear strahgigid-faced walls
subjected to different earthquake ground motiores @esented in Fig. 6.11. It is
observed that for same scaled ground acceleratibr8g the length of strained zones
are different for different earthquake excitatioifie incremental octahedral shear
strains {y..) along the length of backfill soil, between twanfercing layers at
different elevations for wall subjected to Kobe, uBhrand Parkfield earthquake
motions are shown in Fig. 6.12. Maximwty. near the wall facing are 0.89%,
1.16% and 1.30% for wall model subjected to KobleyjBand Parkfield earthquake,
respectively, at elevations 5.25 m and similar érgsoil strains near wall facing are
also observed for other elevations. Another stt@uondary is obtained by joining
points having4y..: 0.3%. Two strained zones, as discussed in Chaptan be seen
in the Fig. 6.12 for different earthquake motiong.he length of shear deformation
zone in the backfill is different for wall modellgacted to different earthquakes. The
minimum and maximum length of shear deformationezosre observed for Kobe and
Parkfiled earthquakes, respectively.

Similarly octahedral shear strain contour for wfaped walls subjected to
different earthquake ground motions are presemellig. 6.13. Thedy., for wall

subjected to Kobe, Bhuj and Parkfield earthquak&ons are shown in Fig. 6.14.
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Octahedral shear strain
Magfac = 0.000e+000
Live mech zones shown
Gradient Calculation
-7.7287e-004 to 0.0000e+000
0.0000e+000 to 3.0000e-003
3.0000e-003 to 6.0000e-003

6.00006-003 0 9.00006-003
Parkfiled 9.00006-003 to 1.20006-002
1.20006-002 fo 1.5000e-002

1.5000e-002 to 1.8000e-002
1.8000e-002 to 2.1000e-002
2.1000e-002 to 2.4000e-002
2.4000e-002 to 2.7000e-002
2.7000e-002 to 3.0000e-002

Fig. 6.11Contours octahedral shear strains at the end fefrelift excitatior

End of reinforcment
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At elevation 0.75 m

0.54
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Incremental octahedral shear strain, (Ay_),%

0 ' 2 4 ' 6 ' 8 10 ' 12
Length of backfill, m

Fig. 6.124y.¢ along the length of backfill of rig-faced wall subjected to Kobe E
and Parkfield EQ

The increase in solil strain is observed at a drgtaof 2.0m from facing fc
wall subjected to three earthquakes. The increas&rain also observed near the

of reinforcement for three earthquakes. The maxinmgrease in soil strain near e
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of reinforcement is observed for Bhuj and minimuon Parkfield earthquake. The
extent of compound zone is the longest for Bhujheprake among three earthquakes.
It is observed that for same excitation the extérdtrained zones are different based

on frequency content of excitation.

Fig. 6.13 Contours octahedral shear strains agnieof different excitations

End of reinforcment : -
l \ Bhuj - - - Kobe------ Parkfield|

: ' . '
201 Kobe At elevation 5.25 m [

1 A\ Parkfield ' I
10 N 7 L.— Bhuyj o
i A I
A LT PN S ===
0 ————cwewew = | T == Sl Tt=eao.. —-—

1 T T T T T t T T T T
20 \ At elevation 3.75 m
4 I\ L
\!
10 II"\‘____- o
1 Z === L = e |
(EEC_ s A ar = S : L A o= S

oct:

20_- At elevation 2.25 m |

At elevation 0.75 m

Incremental octahedral shear strain, (Ay_),%

e— 7 — T ———
4 6 8 10 12

Length of backfill, m

Fig. 6.144y.. along the length of backfill of wrap-faced walbgected to Kobe EQ
and Parkfield EQ
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6.5 SUMMARY

Behaviors of rigid-faced and wrap-faced wall modsishjected to scaled
earthquake motions were discussed. The fundamieetplency rigid and wrap-faced
walls were evaluated. Five Scaled earthquake groomodions are applied to
numerical models of wrap-faced and rigid-faced foered soil walls and
corresponding responses are studied. Response onhadel walls were analysed in
terms frequency content of the earthquake motiomelation to the fundamental
frequency of the model walls. In spite of, sameAR@lue (0.3 g) and duration (10 s)
different ground motions resulted in different dé&@ments, acceleration and strains.
No single ground motion parameter could relateréhative response of the model for
different earthquakes. The maximum values of dapizents and acceleration
amplifications were observed for the earthquakeansthaving significant frequency
content nearer to the fundamental frequency ofntioelel wall. Cumulative Fourier
amplitudes of input accelerations, within the fregey range of 0.7 to 1.3 times the

FF of the model, could proportionally relate thepense of the model.
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Chapter 7. CONCLUDING REMARKS

7.1 SUMMARY OF THE THESIS

The thesis presented the numerical model studiesioforced soil retaining
walls and their dynamic behavior. The objectivesw@a investigate the behavioral
aspects of model walls with main focus on straind displacements along with
formation of deformation zone under variety of lwmgdand wall configurations. Two
types of GRS walls, flexible wrap-faced and fulldhe rigid-faced reinforced soil
walls were considered. Numerical models of the samr@ developed using FLAE
and validated with the identical physical modeldagported in literature. A chapter
was devoted to provide the description of FI2R@nd various model parameters
adopted to simulate the wall models. The calibrateoherical models were used to
develop full scale models different parametric sgadvere conducted. The results are
analyzed in terms of horizontal, vertical displaeet) octahedral shear strain and
axial strain in reinforcement at end of dynamic i@&tons. The formation of
deformation zones in reinforced soil walls basedd@mplacements and strains were
discussed. Two chapters, one on wrap-faced watlsttas other on rigid-faced walls
were presented with sinusoidal dynamic excitatiddee other chapter considered
both the walls together and using different earékg@uground motions which are rich
in frequency content. The following section summesithe conclusions drawn from
this research work.

Limitations associated with rigid foundation basgireme cases of flexible
wrap facing and full height rigid facing; fixed shiarge pressure; pure cohesionless
dry soil; fixed height; and limited excitation paraters etc. shall be taken into

account while adopting/analysing the conclusions.

198
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7.2 CONCLUSIONS

7.2.1 Studies on Wrap-Faced Reinforced Soil Walls

TH-1326_08610406

The wrap-faced wall numerical model developed hasnbreasonably
validated with the laboratory scale physical ma@siults. The model was
sensitive to different material properties like kiflt friction and dilation
angles, stiffness of reinforcement material andirr®inforcement interface
parameters.

Laboratory scale numerical model (0.6m high,showed almost uniform
horizontal displacements within the reinforced zamed high vertical
settlements at the end of reinforcement. This eieid the rigid block
movement of the reinforced zone during dynamictetion.

Full scale numerical modeH(= 6 m) subjected to sinusoidal excitation,
showed three distinct modes of deformation: shesforthation within
reinforced zones, relative compaction near the @ndeinforcement and
compound deformation zones extending to the reddaekfill.

Peak values of octahedral shear strain in soil amehl strain in
reinforcement confirms the formation of shear deif@ation zone. Increased
vertical displacements at the end of reinforceneemte show the relative
compaction zone, limited to the depth of 1/3 to H2from top. The
compound deformation zone is the mobilized retaimeckfill that has been
strained along with the reinforced zone.

The strain developed in reinforcements during dyinancitation, depends
on overburden pressure on each layer of reinforoeraed the extent of

compound deformation zone into the retained bdckfil
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From the parametric studies it is observed thattlal parameters, i.e.
backfill friction angle; stiffness of reinforcingaterial; number and length
of reinforcement layer; are effected the displagemsesignificantly. But,
acceleration amplifications and horizontal pressuvere less affected.

The backfill friction angles affect the length afmopound deformation zone
in backfill soil. A deeper compound deformation esrior wrap-faced wall
with lesser friction angle (softer backfill). Asethhigher friction angle
backfill showed effective performance even in termog effective
reinforcement functioning, it is recommended to masure of good
compactive frictional backfill.

The wall with longer reinforcement length restricdeformation due to
lesser relative compaction near the end of reiiment and less extent of
compound deformation zone into unreinforced balckflowever, The
longer reinforcement throughout height of the walk not
effective/economical. The wall with longer reinfercent [in/H = 1.(H,

H is height of wall) upto half of height at highdewations and minimum
reinforcement lengthL(i/H = 0.7H) at remaining height showed effective
performance similar to the full height longer reirdement.

The wall with more numbers of reinforcing layersusiag less shear
deformation within reinforced zone and lesser lwnial displacements.
But showed more relative settlement near end offasiement, which is
due to the rigid block movement of the reinforcede

The extent of compound deformation zones into ¢taimed backfill is not

affected by reinforcement stiffness. However, theas deformations within
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reinforced zone and reinforcement strains are nforewall with low
reinforcement stiffness representing weak geoextil

The strains developed in reinforcements are inftedrby strains developed
within soil element, extent of compound deformat&ones into retained
backfill, interaction between soil and reinforcemerinforcement stiffness
and inertia force developed within reinforced zone.

For the range of frequencies (3, 5, and 7 Hz) dmmed with 0.2 g
acceleration, 3 Hz frequency excitation showeddamdjsplacements and
strains but equal extent of compound deformationezd-urther, higher
excitations (larger acceleration) also showed m®ed displacements and

strains along with deeper extent of compound dedtion zone.

7.2.2 Studies on Rigid-Faced Reinforced Soil Walls

TH-1326_08610406

The numerical model of laboratory scale rigid-facedlls developed is
reasonably good in simulating dynamic responses sewnsitive to the
different material properties.

In laboratory models, maximum shear strain developas about 12%)
near the facing for unreinforced wall, while itabout 1 %, near the end of
reinforcement for reinforced wall. Displacements ravesignificantly
reduced by about 50-75% by reinforcing layers.

Studies on full scale rigid-faced reinforced walbdels showed two types
of strained zones: high strain zone near the vealinfy; and low strained
zone extending into the retained backfill. Largecdlised vertical and
horizontal displacements near the wall facing iatichigh strain zone

(about 1 to 2%); Low strain zone was marked byektent of the retained
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backfill experiencing elastic strain level (arouh®%). These zones differ
from the zones identified in flexible wrap-facedllwaodel.

 The variation of length and stiffness of reinforeet) number of
reinforcement layers; and backfill soil could maagly effect the strained
zones, other than small changes near the walldaatiacceleration of 0.2g.

* The extent of deformation zones in reinforced andeinforced backfill
and development of reinforcement depends on lehva&tiemic excitation.

» The facing stiffness affects the response of tlgd{fiaced wall. The
horizontal displacement of wall and vertical diggaent of the backfill
increases with decrease in wall stiffness. Tharsirecrements in soil are
higher for model with lesser wall stiffness.

* Location of maximum strain varies depending on tygefacing. The
maximum axial tension developed in rigid-faced wallnear the facing.
But in case of wrap-faced wall maximum axial tensi® developed near
the middle of reinforcement in all layers excepivdst layer. The
maximum axial tension developed near the facinthatlowest layer of
reinforcement.

* Type of facing plays significant role on the resporof reinforced soil
retailing structures. The results compared for wemed and rigid-faced
walls; and rigid-faced walls with different facirggiffness values support

this observation.

7.2.3 Reinforced soil wall subjected to different earthqake motions
* When a reinforced retaining wall is being subjectedreal earthquake

excitation, which contains different frequency @it amplitudes at

TH-1326_08610406
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frequency close to the fundamental frequency ofwhg will be amplified
by the most.

» The response of the structure cannot be predicyednly single ground
motion parameters such as predominant frequencyA, PBGV and
PGA/PGV. The amplitudes corresponding to the rasfdeequencies close
to the fundamental frequency (FF) of the structaneplified the most,
resulting higher amplification factors. Frequenoyntent of earthquake
ground motion close to the fundamental frequency {6 1.3 times FF) of
the structure influence the structure response.

 The maximum displacement of the structure and bata pressure on
wall and its time of occurrence during earthquakeitation for different
earthquakes, having same PGA values, are diffedsyending on
frequency content of earthquake.

* The deformation zones formed for reinforced soillsv@vrap-faced and
rigid-faced walls) subjected to different earthgeiakkcitation is different
based on frequency content of the earthquakes.

» The study reemphasizes the importance and compleait actual
earthquake ground excitations in analyzing the nsieisbehavior of
important public infrastructure facilities. PGA predominant frequency
alone will not aid to predict the structures’ penfiance. Different
performance parameters like displacements, actelesa strains, and

pressures will attain their peak values at diffetene.

7.3 MAJOR CONTRIBUTIONS OF THE PRESENT STUDY

Major contributions from the study are summarizedelow:
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1.

Investigation of location of deformations zonesdaasn horizontal and vertical

displacements and octahedral shear strains witchkfil.

. The study of variations of soil and reinforcemetraigas along the length of

backfill and reinforcement and its influence omfation of deformation zones.
Type of facing plays significant role on the respomf reinforced soil retaining
structures. Location of maximum strains and de&drom zones are influenced
by facing stiffness.

The study reemphasizes that the response of thetwte cannot be predicted by
any single ground motion parameters such as pregorirequency, PGA, PGV
and PGA/PGV of an earthquake. Frequency conteaidhquake ground motion
close to the fundamental frequency of the striectinfluence the structure

response.

7.4 LIMITATIONS OF PRESENT STUDY

1.

2.

The foundation base was considered as rigid.

The surcharge pressure was fixed. The models wfiier@ht surcharge pressures
are not considered.

Pure dry cohesionless soil was considered as tlasbfi

Limited duration and PGA of earthquake excitatiomese considered.

The walls with other types of reinforcements aré¢ cansidered for the present
study.

Full scale model simulations were conducted onfyofte selected height.
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7.5 SCOPE FOR FUTURE RESEARCH

There is a scope for more detailed studies ondpie tand further analysis to
be done for the data presented in this thesis.fdll@ving are the recommendations
for future work:

» Critical analyses of model studies (physical or eupal) with different
types of facing (like modular block facing and pldiaeing which are semi-
rigid in nature) to suggest design guidelines focorporating facing
stiffness component in the design.

» The model studies on reinforced soil walls resting deformable
foundations, with different facing systems, witlgtmer surcharges and with
different height can be performed to observe cotegbehavioural aspects
and to generalise the conclusions.

» The backfill soil properties considered for reirted and retained backfill
are same. The model studies with different reirddrand retained backfill

can be modelled and analysed.
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Appendix A. HYPERBOLIC M ODEL
PARAMETERS OF SAND

A.1 INTRODUCTION

The behaviour of sand is nonlinear and dependerstress acting on it. The
stiffness of sand is high at higher confining puees and low at lower confining
pressures. The stress dependent behaviour of csande simulated in the numerical
models by stress dependent constitutive model usypgrbolic model proposed by
Duncan and Chang (1970) following previous workKohdner (1963) and Jambu
(1963). The determination of hyperbolic parametfns the sand by using the

procedure suggested by Duncan et al. (1980) isisksd in this appendix.

A.2 NON-LINEARITY AND STRESS-DEPENDENCY OF SOIL

The stress-strain curves of many soils was appratddch as hyperbolic by
Kondner (1963) who represented the axial straindadator stress by the following

relationship:

&

(A.1)
a + bes

(0, —03) =

in whicha; ando; are the major and minor principal stresss the axial strain and
and b are constants whose values could be determined tedboratory triaxial
compression test results. The triaxial test resate plotted on transformed axes by
taking axial strairx on x-axis ands/(o; — 03) on y-axis, the plot will be linear for

soils with truly hyperbolic stress-strain curve eléquation for this line is:

&

(01-03) = atbe (AZ)

219
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The intercept and the slope of the resulting linké give the values of the constarnts
and b respectively. The parametetsandb physically represent reciprocal of the
initial tangent modulu$E;) and reciprocal of the ultimate (asymptotic) vabfehe
deviator stres§o;, — ag;) of the soil respectively. The hyperbolic repreagah of the
actual stress-strain curve and transformed pla&sshown in Fig.A.1. The values of
tangent modulugE;) and(a; — g3) are increased with increase in confining pressure.
Jambu (1963) showed the relation between tangedulu® and confining pressure

by the following relationship:
n
E, = KP, (@) (A3)
Py

Whereo 5 is the minor principal effective stress in thel,sgj is the atmospheric
pressure expressed in the same pressure umitsaaslos, K is the modulus number

andn is the modulus exponent and both are dimensioniasters.

A rF 3
(o T3 )it
______ ]_____---------------- e
E; _ b
= g 1
5 )
| |
5y S
~
Y]
[y
a=1/E,
- A4 .
Axial strain, & . Axial strain, &
(a) Actual (b) Transformed

Fig.A. 1 Hyperbolic representation of stress-st@irve (after Duncan et al. 1980)

Duncan and Chang (1970) was derived expressiothétangent modulus of
soil at any stress level by eliminating the stri@mm in equation of modulus and by

incorporating the Mohr-Coulomb vyield criteria angeessed as:

TH-1326_08610406
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Rf 1_ . -0, 2 , n
Et:[l— (1-sing)(o 0’)} Kn.Pa(%] Ad)

2(c cosp+a, sing) X
whereK, is the modulus numbem;is the modulus exponent;is the cohesiony; and
o3 are the major and minor effective confining strasspectivelyg is the angle of
internal friction; Ry is the failure ratiop,is atmospheric pressure. The failure ratio
(Ry) is defined as the ratio between the failure sb&ass observed in the laboratory
and ultimate (asymptotic) value and expressed Bsvb@&, is usually considered as
the average value from tests at different confippressures.

_ (o1-03)f
Ry = ————

(01—03)uit

(A.5)

A.3 HYPERBOLIC MODEL PARAMETERS

This section presents, determination of hyperbpéicameters, n andRs for
the sand used in pullout test of geotextiles. Tam ebtained from the triaxial tests
are used to obtain these parameters accordingptegure described by Duncan et al.
(1980).

The real stress stress-strain relationship of & gswally differs from a
hyperbola that causes that causes the transfophoedo diverge from straight line,
both at low and high strain values. Duncan etX80) suggested that the values of
parametersa andb can be determined from the straight line pasdinguigh the points
in hyperbola which matches the stress-strain cattke 70% and 95% points.

The transformed stress-strain plot of sand usguillout test is shown in Fig.
A. 2 for which actual stress-strain plot is showrfig. 3.8. The stress-strain values at
70% and 90% levels are presented in Table A. 1leTAb2 presents the values of
different parameters evaluated based on transfoqph@dshown in Fig. A. 2. The

hyperbolic model parameter average &e determined from the initial modulus)(E
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obtained from the transformed plot. The other higpkc model parameters K and n

obtained from Fig. A. 3.

0.00020

a, kPa

—=—08.1
—=—196.2]
—=—302.4

0.00015

0.00010

el(o,-0,)

0.00005

0.00000 , ' T . , . T '
0.00 0.05 0.10 0.15 0.20 0.25

Axial strain ¢

Fig. A. 2 Transformed stress-strain plot for sand

Table A. 1 Stress-strain values corresponding 86 @aad 90% stress level

03 (01-03) 70% stress level 90% stress level

(01-03) ca | &l(o1-03) | (01-03) €a &al (01-03)
98.1 412.32| 288.624| 0.013| 4.64E-05] 391.705] 0.0297| 7.58E-05

196.2| 726.305] 508.414| 0.013| 2.56E-05| 689.990 0.0304| 4.41E-05

392.4| 1353.428, 947.399| 0.021| 2.17E-05| 1285.756/ 0.0400| 3.11E-05

Table A. 2 Hyperbolic parameters value
o3 a b E=1/a (01-03)uit (o1-03) R
98.1| 0.0000186 0.0018| 53763.44] 555.556 412.32 0.742
196.2| 0.000014 0.0011| 71428.57| 909.091| 726.305 0.799
392.4| 0.0000105 0.0005| 95238.1 2000| 1353.428 0.677

Average R 0.739
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Fig. A. 3 Determination of hyperbolic model paraarst
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Appendix B. STABILITY ANALYSIS OF
REINFORCED SOIL WALLS

B.1. INTRODUCTION

Design and stability analysis of reinforced soill&/és based on various codes
as referred in

. For for design of reinforced soil walls, FHWA () recommendations are
followed in the study to check the stability of mirced soil walls. Detail of the

analysis is presented in this appendix.

B.2. STABILITY ANALYSIS BASED ON FHWA(2001)
RECOMMENDATIONS

The stability analysis of reinforced soil walls gomses two parts (FHWA
2001): external stability and internal stability wfall. External stability analysis
involves overall stability of soil mass consideriige slip surface outside the
reinforced soil. Internal stability consists of Buating potential slip surface within
the reinforced soil mass. External and internabibta analyses are carried out for

both static and seismic design of reinforced saillsv

External stability of reinforced soil walls

The static earth pressures acting on reinforcedfitlacdue to retained backfill
and surcharge acting on retained backfill, andcateulated from Rankine’s (1857)
earth pressure theory.

The Factors of safety for sliding along base isulaked as below:

Y. Horizontal resisting forces (Pg)

stiding = s Horizontal driving forces (Pp)

224
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where horizontal driving force$?f) are earth pressures due to retained backfill and
surcharge acting over it (Fig.B.1). The horizontakisting forces Rg) are the
frictional forces developed at the base of thefoeaed backfill. The Factors of safety
for sliding is calculated at bottom most reinforanlevel near the base. For stable

reinforced wall Factors of safety for sliding shebble more than 1.5.

IENEENEN

Feinforced backfill| Retamed
Backfill

Vi Es

b

1

! /3
!

I y

I_I—;[E |‘_ """ T

Fig. B.1 Earth pressures due to backfill and sugha

The Factors of safety due to overturning is caledlafrom the following
relationship:

Y. Resisitng momentMpg

FS ing, = :
OVETtUrRIng ' Qverturning momentM,

where resisting moment is sum of moments of weadieinforced backfill about toe
of wall and overturning moment is sum of momentgatfth pressures due to retained
backfill and surcharge over it about toe. The Factd safety for overturning should
more than 2.0.

As the models considered in Chapter 4 are assumée resting over hard
stratum and foundation settlements are not allowdsk Factors of safety due to
bearing capacity failure is not considered.

During an earthquake, the retained backfill examsadditional horizontal

thrust on the reinforced backfill. The horizontatust Pag) due to earthquake is
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calculated from pseudo-static Mononobe-Okabe (192%alysis. Moreover, the
reinforced backfill is also subjected to a horiabnbertia force Pr) due to mass of
active portion of the reinforced wall section assdnto be with a base width of 615
(Fig.B.2), whereH is the height of reinforced soil wall.
P;r = 0.54,,y,H?
where

Am = Maximum ground acceleration coefficient at ceidtrof reinforced
backfill = (1.45 — A)A,,

A = Maximum ground acceleration coefficient.

7. = Unit weight of reinforced backfill

H = Height of reinforced soil wall.

The 50 percent of seismic thrusPaf) and full inertial force Rr) are
considered in addition to static forces in seismdisign. The reducedPae is
considered because two seismic forces horizontastland inertial forces unlikely to

peak simultaneously.

Rfeinfort:emenr

T ==

Fig.B.2 Seismic external stability of reinforced| seall

The factors of safety for sliding and overturningr fseismic design are

calculated in similar manner as that of static glestonsidering the dynamic forces in
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addition to static forces. The computed Factorsaiety for seismic consideration

should be equal to greater than 75% of minimumcskatctors of safety.

I nternal stability of reinforced soil wall

In internal stability design, the potential faillserface assumed to act within
reinforced backfill is shown in Fig B.3. The totainforcement length is divided into
two parts. The tensile force acting on each layeemforcement is determined from
the horizontal stress acting over tributary areag@dsynthetic and compared with
allowable tensile strength of reinforcement. Thecéorequired to pullout out of
reinforcements for the solil is calculated and camgavith resisting force developed
on each layer of reinforcement. The resisting ferdeveloped on each layer of
reinforcement are dependent on reinforcement lebgiyond the potential failure
surface. The maximum tensi@pax per unit width in each layer of reinforcement is:
Tnax = 0uA¢
Where
on = horizontal stress along potential failure lindcatated from weight of retained
backfill and surcharge acting on it.

A; = tributary area which is equal to vertical spadmetween reinforcing layers.

Active zone Resistant zone

\\ ; / _____
nef— /"

/ Reinforcement
/
TS V‘

e ey

/N (45°+ ¢/2)

 I—

""‘"-Triburm' area

L —

Fig. B.3 Potential failure surface considered faernal stability analysis
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By knowing the allowable tensile strength of rencfEment, Factors of safety
for rupture is calculated from the following retait

Allowable tensile strength of reinforcement(T,;)

F Srupture -

Maximum tension developed in reinforcement(Tyqx)
The resisting force developed on length of reirdament within resisting zone
is as follows:
Tres = FVrZpyLoCR.a
Where
F~ = Pullout resistance factor
wZp = The overburden pressure including dead loadchsuges and neglecting traffic
surcharges
Le = Embedded length of reinforcement in resistingezo
R. = Coverage ratio = 1.0 (for mat reinforcement)
a = Scale correction factor
The Factors of safety for pullout is calculatedal®ws:

Resisting force on reinforcment within resisting zone (T;qs)

FS = : - 5 -
pullout Maximum tension developed in reinforcment (T ax)

During an earthquake, the dynamic incremenigg)( developed within
reinforcement due to inertial forcd’] developed within reinforced zone and is
distributed in different reinforcement layer depgdon their proportional area
within resisting zone.

Lei
2711 Lei

Tma =P,

where L is length of reinforcement within resisting zone.
The total tensile forceT{y) is calculated by adding maximum tensididy

developed and dynamic incremeiit,g. The dynamic factor of safeties for rupture
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and pullout are calculated in similar manner ag thfastatic factor of safeties

considering the dynamic increments in additiostatdic forces.

B.3. STABILITY ANALYSIS OF WRAP -FACED WALL

A 6.0 m high wrap-faced reinforced soil wall as tn@med in Section 4.5 is
considered. The model parameters considered fagrdase list in Table B.1. Factors
of safety calculations for external stability amdernal stability are shown in Tables

B.2 to B.4. As there is no consideration for faceantributions in (FHWA 2001)

similar procedure wall followed for stability analg of rigid faced wall.

Table B.1 Data for stability analysis of wrap-fdaeinforced soil wall

Design parameters Design data
Height of wall 6.0m
Surcharge 5 kPa
Length of reinforcement 4.2m
Spacing between reinforcement 0.5m
Angle of friction for reinforced and retained batkf 38°

Unit weight of soil for reinforced and retained kit 16 kN/m°
Ultimate strength of reinforcement 150 kN/m
Maximum ground acceleration coefficient 0.2g
FOS for creep reduction 4

FOS for installation damage 1.1

FOS for durability reduction 1.1
Interaction coefficient 0.8
Coverage ratio (for mat reinforcement) 1.0
Interaction coefficient 0.8
Minimum FSyuiout 15
Minimum FSypture 1.3
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Table B.2 External stability calculation for staticd seismic design

Horizontal Earth pressures Vertical Point of action FS (Static) FS (dynamic)
Pressure
Static Dynamic Reinfi Surch | Height from base Distance FSsiiding | FSovertuming | FSsiiding | FSoverturning
orced | arge, from facing
Retained | Surchar | Seismic| Inertia | soil, Vs For | For | For | For For
backfill, -ge, thrust, | force, V4 F F, Pae | V1 2
F F Pae Pr
68.51 7.14 54 72 403.2 21.0 2.Q 3.0 3p 2.1 2.1 64.1/ 5.34 1.80 1.78
Table B.3 Internal stability calculations for statiesign
No of | Height of | Tributary | Tmax Tallowable | La(calculated)| Le(calculated)| Lcaicutted | Lprovided | Le(provided)| FStupture FSoutlout
layer | reinforcement area KN/m KN/m
from bottom
1 0.5 0.75 16.59 82.64 0.24 0.23 1.24 4.2 3.96 4,98 26.23
2 1 0.5 10.11 82.64 0.49 0.15 1.49 4.2 3.71 8.17 36.72
3 15 0.5 9.16 82.64 0.73 0.15 1.73 4.2 3.47 9.02 34.09
4 2 0.5 8.21 82.64 0.98 0.15 1.98 4.2 3.22 10.07 31.43
5 2.5 0.5 7.26 82.64 1.22 0.16 2.22 4.2 2.98 11.39 28.76
6 3 0.5 6.30 82.64 1.46 0.16 2.46 4.2 2.74 13.11 26.05
7 35 0.5 5.35 82.64 1.71 0.16 2.71 4.2 2.49 15.44 23.29
8 4 0.5 4.40 82.64 1.95 0.17 2.95 4.2 2.25 18.78 20.44
9 4.5 0.5 3.45 82.64 2.19 0.17 3.19 4.2 2.01 23.96 17.44
10 5 0.5 2.50 82.64 2.44 0.19 3.44 4.2 1.76 33.09 14.10
11 55 0.375 1.16 82.64 2.68 0.17 3.68 4.2 1.52 71.27 13.09
12 5.75 0.375 0.80 82.64 2.80 0.24 3.80 4.2 1.40 102.94 8.69
Minimum length of [ =1.0m
230
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Table B.4 Internal stability calculations for seisrdesign

No Tmax KN/m de Ttotal Tallowable I—a(calculated) I—e(calculated) Lrequired I—provided I—e(provided) I:Supture I:Spullout
of KN/m KN/m kN/m
layer
1 16.59 0.28 16.87 82.64 0.24 0.22 0.24 4.2 3.96 4.90 27.52
2 10.11 0.26 10.37 82.64 0.49 0.15 0.49 4.2 3.71 7.97 38.19
3 9.16 0.24 9.40 82.64 0.73 0.15 0.73 4.2 3.47 8.79 35.42
4 8.21 0.22 8.43 82.64 0.98 0.15 0.98 4.2 3.22 9.80 32.64
5 7.26 0.21 7.46 82.64 1.22 0.15 1.22 4.2 2.98 11.07 29.82
6 6.30 0.19 6.49 82.64 1.46 0.15 1.46 4.2 2.74 12.73 26.97
7 5.35 0.17 5.53 82.64 1.71 0.16 1.71 4.2 2.49 14.96 24.06
8 4.40 0.16 4.56 82.64 1.95 0.16 1.95 4.2 2.25 18.13 21.06
9 3.45 0.14 3.59 82.64 2.19 0.17 2.19 4.2 2.01 23.03 17.88
10 2.50 0.12 2.62 82.64 2.44 0.18 2.44 4.2 1.76 31.54 14.34
11 1.16 0.11 1.27 82.64 2.68 0.18 2.68 4.2 1.52 65.31 12.79
12 0.80 0.10 0.90 82.64 2.80 0.25 2.80 4.2 1.40 91.82 8.27
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