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Abstract

A Numerical Model for Estimating Seismic Displacements of Reinforced

Steep Slopes

by Sarah B. Paulsen
Chairperson of the Supervisory Committee

Professor Steven L. Kramer
Department of Civil Engineering

Mechanically stabilized earth (MSE) structures such as retaining walls and steep
slopes are becoming increasingly popular in the United States. Their usein seismically
active areas, however, has been slowed by the lack of reliable procedures for prediction
of their performance during earthquakes. Because the serviceability of such structuresis
closely related to the level of permanent deformation they experience, procedures for
estimation of such deformations are needed.

This research project involved the development, calibration, and validation of a
practical model for estimation of permanent displacement of MSE slopes. A modified
Newmark-type model, referred to as the Reinforced Modified Newmark Model
(RMNM), was developed to represent the main mechanisms by which permanent
displacements can occur - soil shearing, reinforcement stretching, and pullout — using

simple rheological elements. Experimental data, from previous shaking table and



centrifuge investigations conducted at the University of Washington and elsewhere, and
the results of previous analytical studies were used to calibrate the RMNM. The resulting
model, implemented in the computer program SPSLOPE, was shown to produce good
predictions of experimental yield accelerations and permanent displacements for awide
range of reinforced slope conditions. The RMNM should be a useful tool for reinforced

slope design.



TABLE OF CONTENTS

LIST OF FIGURES.... ... e

LIST OF TABLES. ...

1 INTRODUCTION ... .ottt et e e e e e
11 MSEWadlsand SIOpeS .......ccevviiiiiiiiiiiiiiieeie e
111 GeosynthetiCS......cuviue it i

(2 O o = 1 Y=
1.3  ThesisOrganization.........ccoovuuiuiieiieie e e ene

2 PERFORMANCE OF MSE WALLSAND SLOPES........
21 Field Performance: Full-scale walls and slopes...............
211 KobeEarthquake, 1995..........cccoiviiiii e

2.2 Laboratory Performance: Model-scale walls and slopes....
221 TiltTable TeSt. i e e

222 ShakingTable TestS......ovviiiiiiieei e

223 Centrifuge TeSIS. ...ov i

23 SUMIMABIY ... e et ee e

3 DESIGN OF MSE STRUCTURES..........ccoiviiiiii e,
3.1  Stability of Unreinforced SIOpes..........covovviiiiiiiinnnn,
3.2  Static Stability of Reinforced Soil Structures..................

3.21 Limit Equilibrium AnalysSiS.........cooov i
3.2.2 Stress-Deformation ANalySes.......ccooevvvviiiiinninniennns
323  SlOPEDESION. .. e
324 Wall DESIgN....cuiiiii i e
3.3 Dynamic Stability of Reinforced Soil Structures..............
3.3.1 Pseudo-static ANalYSIS....c.vvieiieie i
3.3.2 Displacement AnalySIS.......c.uiuiiiieiiiie e
3.3.3 Stress-Deformation ANalySiS........c.covvviviiiiiiiiiininn
334 SlOPEDESION. ..ttt
335 Wall DeSIgN....c.viiiiie e
34 SUMIMABIY .. e e e e e e et e e ee e e

4 UW REINFORCED SLOPE RESEARCH .............coei

O N~NDNPE

N R
NoRroWOoOo o



41 Centrifuge TESES. ... v e 56
411 Prototype GEOMELNY ......oieiiiei e 56
412 MaterialS......ooo i 57
413 Loading.....cooiiiii i 60
414  INStrumentation..........oovueeusvs v 63

415  REJPONSE... ..ottt e 64
4.1.5.1 Effectsof Reinforcement Length........................ 65
4.1.5.2 Effects of Reinforcement Strength/Stiffness........... 65
4.1.5.3 Effects of Reinforcement Spacing...............c.e.... 69
4.1.5.4 Observed Failure Mechanisms.............cccoevvvnne. 69

4.2 Shaking Table TESIS ....v i 72

421 Prototype GEOMELNY......ceueiiiee e 73

422 MaerialS. ... 73

423 L0AING ..o 75

4.2.4 Instrumentation and Construction........................... 76

425 REIPONSE.....uii ittt e e 80
4.25.1 Stiff Reinforcement Models.............coviviiiinine. 80
4.2.5.2 Soft Reinforcement Models.............c.ccoiviinnnnn. 80

4.2.6  DISCUSSION. .. ...t e e 83
4.2.6.1 Shape of the Failure Surface................cccooeenis 83
4.2.6.2 Effect of Reinforcement Stiffness...................... 84

4.3 Numerical ANalySIS........ovviiiie e 86

431 REFPPONSE. ...ttt et e e 88
4.3.1.1 Effectsof Reinforcement Length........................ 89
4.3.1.2 Effectsof Reinforcement Spacing....................... 90
4.3.1.3 Effects of Reinforcement Properties.................... 90
4.3.1.4 Observed Failure Surface...........ccoveviiiiiiiiinnn, 92

4.4 SUMIMABIY .. e e e e e e e e e e e e 95

NEWMARK MODEL FOR PREDICTION OF REINFORCED
SLOPE/WALL PERFORMANCE........cciiiiiiiiiiiiieee s 96

51 INroduCHiON ......oieieiie e e e 96
5.2  Performance of Reinforced SIopes...........ccovvvviinnienne. 96
53  Newmark ANalySIS......c.o it 99
531 ASSUMPLIONS. .. ... ettt e e e e 100
532 Yield Accaeration.........ccoii i 100
5.3.3 Calculation of Permanent Displacements................... 101
54  Kramer-Smith Modified Newmark Analysis.................. 103
55 Reinforced Modified Newmark Analysis...................... 107
551 INroduCtion..........coouiuiiiii i e e e 107
55.2 Proposed Model.........ccoiiiiiiii 107
5.5.3 Integration of Equation of Motion........................... 109

554 Examplesof Model Response ..........coeovviieiieinnnn. 111



8

5.6 SUMMAIY .. ..o e e e e

RMNM MODEL CALIBRATION......coiiiii i,
6.1 Mapping ReqUIremMents ..........cooveeveii i e e
6.1.1 Reinforced Steep Slope Parameters................c..eeee
6.1.2 Simplified Model Parameters.............c.ocoveiinininen.
6.1.3 Development of Model Parameters............c.ooeeeeneees
6.1.3.1 Estimation of the Failure Surface........................
6.1.3.2 Oscillator CharaCteristiCs.........oovveiviiiiiiiieinen
6.1.3.3 Initial Conditions...........c.ccvveiiiiiiiii e
6.1.3.4 Reinforcement Properties.............coviiiiiiiiininn
6.1.3.5 Pullout Behavior..........ccovviiiiiiiii e

6.2 Model Calibration Procedure.............ccccoviiiiiininnnn.
B.2.1  Dala... ..ot
6.2.2 Calibration Criteria.......c.coooiiiiiiiiiiii i,
6.2.3 Minimization of Prediction of Error........................
6.24 Resultsof Optimization Process............ccovvvvevnennn.
6.2.4.1 Parameters Affecting Failure Surface...................
6.2.4.2 Parameters Affecting Initial Conditions................
6.2.4.3 Parameters Affecting Reinforcement Properties......
6.2.4.4 Parameters Affecting Pullout Behavior................

6.3 DISCUSSION. .. ettt et e e e e e e ee e
6.3.1 Prediction of Permanent Displacements...................
6.3.2 Prediction of Yield Acceleration.............cccevveenennns

6.4 SUMIMAIY ... e et e e e e e e e e e
SEISMIC PERFORMANCE OF REINFORCED SLOPES..

7.1 Influence of Slope Parameters on Permanent
Displacements... ..o

7.1.1 Effect of Reinforcement Length........................o 0.
7.1.2 Effect of Reinforcement Spacing............cccvvvveinennnn

7.1.3 Effectof SlopeHeight...........coooiiiiii i

7.1.4 Effect of Soil Strength............cooooiiii i

7.1.5 Effect of Reinforcement Properties.................cceuvne.

7.1.6 DISCUSSION. .. .cuttitiie it e ee e e e ee e e e
7.2 Influence of Input Accelerations on Permanent

Displacements. .. .....ovviiie e

7.3 SUMMBIY ... et e e e e e e e e e

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
FOR FUTURE RESEARCH ...

117

118
118
119
120
121
122
128
130
132
133
134
134
147
147
148
148
151
153
155
155
156
159
160
166

167

168
169
169
169
173
173
178

179
179



8.1 SUMMABIY .. e e e e e e e e e e eea e 183
8.2 CONCIUSIONS. .. e et e e e e e e e e e 184
8.3 FUUrE@ RESEAICN. .. .o e 188
REFERENCES. .. ..ot e e e e e e e e e e 189

APPENDIX A SPSLOPE CODE..........cvvviiiiiiiiiiii e 195



LIST OF FIGURES

Page
Figure 1.1 (a) Unreinforced and (b) reinforced Soil SIOPeS........coocveeiiieeinierenieeeeeee e, 2
Figure 1.2 Common reinforced wall systems using geosynthetics. (a) wrap-around
facing, (b) with segmenta or modular concrete block, and (c) full-height precast
Q72T 1 KRR 3

Figure 2.1 South view of Tanatawall (GRS-RW) and RC Box (Tatsuokaet al., 1996)...8
Figure 2.2 (a) Displacement of Tanatawall, (b) Typical cross section of GRS-RW

(TatSUOKA EL @l., 1996)......cceeueieeiieeeiiieeeeee ettt e e ne e e e e e snne e e enneas 9
Figure 2.3 Reinforcement yielding in tension (Richardson and Lee, 1975)...........c......... 14
Figure 2.4 Reinforcement pullout failure (Richardson and Lee, 1975) ......cccoovveveveennnee. 15

Figure 2.5 Schematic of displacement transducer locations (after Koseki et al., 1998) ...16
Figure 2.6 Displacement time history for reinforced soil, Type 1 model wall (Koseki et

Al., 1998)....cceece e et e te et e ere e re e reeteeneeareenres 17
Figure 2.7 Initial and final displacements and failure planes of reinforced model walls

tested in ashaking table (Koseki et a., 1998) ........ccceiiiiiiiiieiniie e 17
Figure 2.8 Failure surfaces and deformations for models with varying reinforcement,

wall height and facing type (Matsuo et al., 1998) ........ccccceiiieeeiiieinieeeee e 19
Figure 2.9 Influence of reinforcement length on crest wall displacements for different

levels of acceleration (Sakaguchi, 1996) ..........cooceiiiiiiiiiiieie e 21
Figure 2.10 Influence of reinforcement tensile strength on crest wall displacements for

different levels of acceleration (Sakaguchi, 1996) ........cccovceeeiiieeiiieeeniee e 22

Figure 2.11 Profile and instrumentation of model (Howard et al.,

Figure 2.12 Permanent wall deformation for prototype walls (Howard et a., 1998)........ 24
Figure 2.13 Excavated cross section illustrating bilinear failure surface (Howard et d.,



Figure 2.14 Influence of acceleration level on the deflection and settlement of model

walls (Howard et al., 1998) ........coeiiiiiiiiieeiiee e 25
Figure 2.15 Location of total displacement vectors, D jnitia=75% (Nova-Roessig and

SItaAr, 1999) ...eiiieiiece et e et et e re e ra e aeereanaenreenres 26
Figure 2.16 Effect of reinforcement stiffness on permanent displacements, D jnitia=75%

(Nova-Roessig and Sitar, 1999).......ccuiiiiiiiiriei et 27
Figure 3.1 Common modes of failure for reinforced soil structures (after Lindquist,

S SRS 29
Figure 3.2 Cohesionless infinite slope free-body diagram............ccceeveiiiieeiniieenieeene 30
Figure 3.3 Stress-strain behavior of rigid-perfectly-plastic material ............ccoceeeviennne. 32
Figure 3.4 Effect of reinforcement orientation on factor of safety (after Zornberg et al.,

L USSR 33
Figure 3.5 Typical layout for wrapped face reinforced slope (Andersen, 1997).............. 34
Figure 3.6 Effect of geotextile overlaps on computed factor of safety (after Zornberg, et

o R R 1o ) USSP 34
Figure 3.7 Variation of tensile strength of reinforcement ............cccoveiiiee e enieeene, 35
Figure 3.8 Bilinear limit equilibrium model ...........cooceviiiiieii e 37
Figure 3.9 Modes of failure of mechanically stabilized wall (Das, 1998) ..........ccccuveu..... 41
Figure 3.10 Internal failure mechanisms of GRS walls (Clayton et al, 1993)................. 42
Figure 3.11 Tieback wedge analysis (Clayton et al. 1993) ........ccoceeeiiieriiiee s 43
Figure 3.12 Pseudostatic analysis free body diagram for planar failure surface.............. 46

Figure 3.13 Trend of failure plane orientation with increasing values of pseudo static

(001 Lo 1= 0| T O | o |

Figure 3.14 Analogy between potentially unstable slope and a rigid block on an inclined



Figure 3.17 Direct diding analysis (Ling et a., 1997) ......ccceviiiiiiiieiiiee e 53
Figure 3.18 Variation in static analysis to account for seismic loading (after Christopher

AN HOILZ, 1989) ..ottt s ar e snre e sanee s 54
Figure 4.1 Model setup (Andersen, 1997). Centrifugal acceleration of 30 g produced

prototype slope height of 20 fEEL. ........coiviiiiie e 57
Figure 4.2 Grain size distribution for Unimin 4060 sand (Andersen, 1997)...........c.c...... 59
Figure 4.3 Typical acceleration time history, in model units, used in Andersen centrifuge

L1 3PS PP PPRTTPTPPO 61
Figure 4.4 Butterworth filtering of typical model base Acceleration......................... 62
Figure 4.5 Instrumentation of model in centrifuge (Andersen, 1997).........ccccev v eenns 63

Figure 4.6 Variation of normalized displacements with reinforcement length for Tests

AN N TSRS 66
Figure 4.7 Variation of normalized displacement with reinforcement length for Tests

N (0= o I AN PSPPSR 66
Figure 4.8 Variation of normalized displacement with reinforcement strength/stiffness

for TESISEAT @NA EALD ....ooieeeecee et 67
Figure 4.9 Test EA7 slope deformation (Andersen, 1997)........coovvveeiiiererieesnien e 68
Figure 4.10 Test EA10 slope deformation (Andersen, 1997).......ccceevvieeeiieeinieeenieeene 68
Figure 4.11 Variation of normalized displacement with reinforcement strength/stiffness

fOr TESISEALL @NA EALT .ottt sne e 69
Figure 4.12 Variation of normalized displacement with reinforcement spacing for Tests

EALOD, EAL2,and EALS..... ettt e a e e e e 70
Figure 4.13 Test EA10 final deformed shape showing extent of reinforcement failure

(shaded zone) and interpreted failure surface (after Andersen, 1997)..........cccccueeee. 70

Figure 4.14 Test EA20 illustrating deformation due to both tilting and sliding of the 75°
Slope (ANAErseN, 1997) ......uviie e a e nanes 71



Figure 4.15 Test EA14 illustrating deformation primarily due to atilting mechanism

(N 10 (= S = T R RSP RR 72
Figure 4.16 Model setup for shaking table tests (Perez, 1999).........ccoccevivieiinienenieeenne 73
Figure 4.17 Typical base acceleration of AP testS.........ccovviiiiiiiienieceeeeese e 76
Figure 4.18 Tell-tales for AP5-AP9 (Perez, 1999) ........coocoveiiiieiriiie e eriee e 78
Figure 4.19 Tell-tales for AP10-AP15 (Perez, 1999) ......coviiiiiiiiiiiiiiieeee e 78
Figure 4.20 Potentiometer layout and face conditions for Perez Model AP5

(SRR = o o) PSSP 79
Figure 4.21 Potentiometer layout and face conditions for Perez Model AP10

(SOFt FAIOMIC) .. e e 79

Figure 4.22 Variation of normalized displacement with reinforcement length for Tests

AP AP o 8l
Figure 4.23 Variation of normalized displacement for models of different ratios of (a)
L/H, Tests AP10-AP13, and (b) SL, Tests AP12, AP14 and AP15.........cccoeecvveeen. 82

Figure 4.24 Displacement patterns suggested by displacement markers for Models AP14

and APL5 (after Perez, 1999) ..o it e e 83

Figure 4.25 Variation of normalized displacements for models with stiff or soft
reinforcement and L/H ratios of (a) 0.25, (b) 0.3125, (c) 0.375and (d) 0.5............85
Figure 4.26 Base case geometry for Lindquist FLAC model (Lindquist, 1998)............... 88
Figure 4.27 Input motions used by Lindquist (Lindquist, 1998) .........ccccceiieriiieriniennnne. 89
Figure 4.28 Location where permanent displacements were measured (after
Lindquist, 1998) ... ...uiiie it e e e e e e e e 89
Figure 4.29 “Base case” model. Variation of permanent displacement per cycleasa
function of reinforcement length (Lindquist, 1998) .........ccccceiiiieiiiinnniieerieeeeieenns 90
Figure 4.30 “Base case” model. Permanent displacement/cycle as a function of
reinforcement spacing (Lindquist, 1998) .........ccoviiiiiieiiie e 91
Figure 4.31 “Base case” model. Variation of permanent displacement per cycle based on
reinforcement yield strength (Lindquist, 1998).........cccceeiiiiiiiiininie e 91



Figure 4.32 “Base case” model, except yield strength has been increased to illustrate
displacement behavior with a stronger reinforcement. Permanent displacement/cycle
as afunction of reinforcement StiffNESS.........cocvviiii i 92

Figure 4.33 “Base case” model. Permanent displacement/cycle as a function of

reinforcement stiffness (Lindquist, 1998) .........coociiiiiiiiiiiee e 93
Figure 4.34 Typical FLAC plot illustrating typical bilinear failure surface.................... 93
Figure 4.35 Failure surfaces for different peak accelerations (Lindquist, 1998).......... 94
Figure 5.1 Analogy between potentially unstable slope and arigid block on an inclined

[O1=T TSRS 100
Figure 5.2 Newmark double integration procedure (Smith, 1995) ..........cccceevievernennn 102

Figure 5.3 Effect of failure mass compliance for a high frequency, short wavelength

motion (after Kramer and Smith, 1997).........c.oviiiiiii e 104

Figure 5.4 Illustration of the compliant model developed for the Kramer-Smith modified
Newmark analysis (Kramer and Smith, 1997) .........ccccoiiiiiiiiencee e 105

Figure 5.5 Free body diagram of forces acting on lower block (after Smith, 1995)......106

Figure 5.6 Correspondence of mechanisms of reinforced slope deformation to RMNM

elements (Kramer and Paulsen, 2001) ........coovveeiiieeniieeeniee e 108
Figure 5.7 Behavior of RMNM elements (Kramer and Paulsen, 2001)...........cccceevuveenn. 109
Figure 5.8 Reinforced modified Newmark model (Lindquist, 1998) .........ccccvceeeinennne 109
Figure 5.9 Forces acting on RMNM MOEL ............ooiiiiiiiiiiee e 110
Figure 5.10 Base CBSE RMINIM ......coouiiiiiiiiee ettt 111
Figure 5.11 Acceleration time history used in parametric analySiS........ccooceeercveeernennns 111
Figure 5.12 Displacements and forces in base case RMNM analysis.........ccccoeceeeinennn. 112

Figure 5.13 Illustration of spring force behavior for the base case

Figure 5.14 Effects of (a) initial slope, (b) spring yield force (c) spring stiffness, and (d)
input motion on permanent diSPlaceMENtS.........cccvieiieeiriee e 116



Figure 5.15 Effect of pullout resistance on permanent displacements.............ccceeeveeen. 117
Figure 6.1 Typical steep slope geometry. Parameters are described in Table 6.1......... 119

Figure 6.2 Reinforced modified Newmark model ...........ccocooiieiiieiinen e 121
Figure 6.3 Error of Equation 6.1 in predicting failure surfaces...........cccccovveeevcieeeenee, 123
Figure 6.4 Failure surfacesfor (a) f =45°, (b) f =40°, (c)f =30° (d)f =20°........... 124
Figure 6.5 Failure surfacesfor (a) f =45°, (b) f =40°, (c)f =30° (d)f =20°........... 124
Figure 6.6 Failure surfacesfor (a) f =45°, (b) f =40° (c)f =30° (d) f =20°.......... 125
Figure 6.7 Failure surfacesfor (a) f =45°, (b) f =40°, (c)f =30° (d)f =20°........... 125
Figure 6.8 lllustration of static failure SUrface.........cocccveveeiiiiie i 126

Figure 6.9 Extreme and limiting failure surfaces based on reinforcement strength,
stiffness and interface friction (Kramer and Paulsen, 2001)..........ccceveeiiiiineiiennns 128
Figure 6.10 Effect of kna 0N the dynamic failure surface (Kramer and Paulsen, 2001).129
Figure 6.11 Assumed variation of reinforcement tension under static conditions (Kramer
aNd PaulSEN, 2000) ......coeiiiieiiiieeiiee ettt sb e ne e nre e snee e 132
Figure 6.12 Behavior modeled by the Coulomb Slider ........oooceveiiiiiiiin e 133
Figure 6.13 Santa Cruz motion (a) Nova-Roessig (1999), (b) recreated, (c) comparison of
FESPONSE SPECLIUM. .. ..t eeeee et ettt et et e e reseaeeieeeeeeeenenennenneeeeeneene 139
Figure 6.14 El Centro motion (a) Nova-Roessig (1999), (b) recreated, (c) comparison of
FESPONSE SPECLIUM. .. e e e ettt eee e e e aeeeaeeneeeeeeeennenennenneneneenneeneene 140
Figure 6.15 Santa Anita motion (a) Nova-Roessig (1999), (b) recreated, (c) comparison
=S 0T0] 0 SR o o 1 1 [ 0 1A PPN I X |
Figure 6.16 Lake Hughes motion (a) Nova-Roessig (1999), (b) recreated, (c) comparison
FESPONSE SPECLIUM. .. e et eeee et e e et e e et e r e e e a e e e e r e te e e eeaens 142
Figure 6.17 Tabas motion (a) Nova-Roessig (1999), (b) recreated, (c) comparison of
FESPONSE SPECLIUM. .. e e eee e et ettt et e e e e e e eaeee e eenenenneeeeeeeneneene 143

Figure 6.18 Gazli motion (a) Nova-Roessig (1999), (b) recreated, (¢) comparison of
(=S 010015 SR o o {11 0 1R PPN 2 %



Figure 6.19 Kobe motion (a) Nova-Roessig (1999), (b) recreated, (¢) comparison of

(=S 010] 0 SR 0 o 1 A1 [ 0 1R PPN I <
Figure 6.20 Arias intensities of input motions used in RMNM calibration: (a) Perez Tests,
(b) Andersen Tests, (C) NOVaROESSIQ TESES. ....coiviieiiiieiiieeeriiee e 146
Figure 6.21 Spring-force displacement behavior for Fepr....oocvvviiiiiiiiiieiicccee, 155
Figure 6.22. Observed and predicted displacement normalized to the height of the slope
for EA, AP and N-R data: (a) arithmetic axes, and (b) logarithmic axes. ............... 156
Figure 6.23 Prediction range of permanent displacement normalized to the slope height
for Tests EA7-EALS, EAL7, APLO-APLS.......iiieiee et 158
Figure 6.24 Observed and predicted yield accelerations for Tests EA7-EA13, EA17,
APLO-APLS...cceeeeeeeeeee e a e s e raaaaaaaas 159
Figure 6.25 Prediction range of yield acceleration for EA and AP tests.........ccceevuneeen. 160
Figure 6.26 Observed and predicted displacement time histories for (@) Test AP10, (b)
Test APLL, @Nd (C) TESE APLZ.......oeeeeceeeeeeeeeeeeeesee e 161
Figure 6.27 Observed and predicted displacement time histories for (a) Test AP13, (b)
Test APL4, N0 (C) TESE APLS ...ttt sees e 162
Figure 6.28 Observed and predicted displacement time histories for (a) Test EA7, (b)
Test EA8, and (C) TESE EAD ...ttt 163
Figure 6.29 Observed and predicted displacement time histories for (@) Test EA10, (b)
Test EALL and (C) TESE EALZ.......oeeeeceeeeeeeeeeeeesee s eeses s 164
Figure 6.30 Observed and predicted displacement time histories for (a) Test EA13 and
(D) TESE EALT ... e e e et e e 165
Figure 7.1 Base CaSe EOMELY. ....coiiuiieiiieeeiiieeeniiieesieeestee e stee e stee e s sase e snteessaneeesnneeens 167
Figure 7.2 Base case input acceleration. Imperial Valley, 1940: El Centro Array #9...168
Figure 7.3 Influence of reinforcement length on permanent displacements.................. 170
Figure 7.4 Influence of reinforcement spacing on permanent displacements................ 171
Figure 7.5 Influence of slope height on permanent displacements............cccceevcveeernenne 172

Figure 7.6 Influence of internal friction angle on permanent displacements................. 174



Figure 7.7 Influence of interface friction angle on permanent displacements................ 175
Figure 7.8 Influence of reinforcement yield strength on permanent displacements....... 176
Figure 7.9 Influence of reinforcement stiffness on permanent displacements............... 177
Figure 7.10 Acceleration time histories used to illustrate influence duration and frequency
content have on the prediction of permanent displacements...........cccoocceeiviieeiienns 181
Figure 7.11 Displacement time histories for the input accelerations shown in
FIQUIE 7. 00, e e e e e e e e e e e 182



LIST OF TABLES

Page

Table 2.1 Summary of seismic field performance of reinforced soil structures (after

NOVE-ROESSIG, 1999)......eeiiiiieeiiiie ettt ettt sat e e e e e saa e e s nne e e enneeeanreeeas 7
Table 2.2 Scaling relationships (after Perez, 1997) .......cccoveeeeeeienene e 10
Table 2.3 Summary of shaking table tests on reinforced soil walls and slopes (after Nova-

ROESSIQ, 1999) ...ttt ettt bt e b et e e e re e reeneens 13
Table 2.4 Summary of centrifuge tests on reinforced soil walls and slopes (after Nova-

ROESSIQ, 1999) ...ttt ettt et et b e ba b e ae e e reenreeneens 20
Table 3.1 Advantages and disadvantage of stress-deformation analysis............cceeeueeees 36
Table 3.2 Performance requirements for Reinforced Soil Slopes

(after HOItZ €t @l., 1997) ...oovieiecie ettt ettt sreenneas 39
Table 3.3 Recommended F.S. for external failure mechanisms..............................42
Table 4.1 Centrifuge test matrix (after Andersen, 1997)........eeeveeeeriereniieesieeesiee e 58
Table 4.2 Physical properties of Unimin sand (after McEIroy, 1997) .......coccoeevieeeiinennns 59
Table 4.3 Wide-width tests on model fabrics (after Andersen, 1997) ......ccoccevevveeernennns 60
Table 4.4 Shaking table test matrix (after Perez, 1999) .......c.coovveeiiieeenieeeniie e 74
Table 4.5 Wide-width tests on model fabrics (after Perez, 1999)...........coveeennee.. 75
Table 4.6 Description of Lindquist analysis parameters (after Lindquist, 1998). Base

case values shown iNBOId. .. .e.ve ittt 87

Table 6.1 Parameters used to describe atypical reinforced Slope...............ccovennen. 120
Table 6.2 Input parameters of Andersen tests used to calibrate RMNM moddl........... 135
Table 6.3 Input parameters of Perez tests used to calibrate RMNM moddl ............... 136

Table 6.4 Input parameters of Nova-Roessig tests used to calibrate RMNM model .....138



Acknowledgements

| would like to thank Dr. Steven Kramer for his guidance, insightful ideas and
comments, and tremendous patience throughout my research. | am appreciative of his
time spent answering questions and discussing ideas. | would also like to thank Dr.
Pedro Arduino for his support and encouragement, as well as for serving on my
committee and reviewing my thesis.

| would like to thank the Civil Engineering department and the John R. Kiely
Professorship at the University of Washington for supporting my graduate studies and
thisresearch. | would aso like to acknowledge my friends and colleagues, especially

Jenny and Allen, for their words of encouragement and advice.



To my parents



