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FOREWORD
Federal Lands Highway (FLH) Division of the Federal Highway Administration (FHWA) is
responsible for design and construction of roadways in rugged, mountainous terrain. MSE walls
are frequently used to accommodate widening of existing roads or construction of new roadways.

However, in steep terrain, excavation is required to establish a flat bench on which to construct
the MSE wall.

Shoring has often been employed to stabilize the backslope (or back-cut) for the MSE wall, and
an MSE wall has been designed and constructed in front of it. Where a shored MSE wall system
is determined to be the best alternative for wall construction, design of the MSE wall component
should take into consideration the retaining benefits provided by the shoring component, as well
as the long-term behavior of each individual wall system. The purpose of this design guideline is
to serve as the FLH standard reference for roadway projects using shored MSE walls.
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This document is disseminated under the sponsorship of the U.S. Department of Transportation
in the interest of information exchange. The U.S. Government assumes no liability for the use of
the information contained in this document. This report does not constitute a standard,
specification, or regulation.

The U.S. Government does not endorse products or manufacturers. Trademarks or
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objective of the document.
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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0914 meters m
mi miles 1.61 kilometers km
AREA
in’ square inches 645.2 square millimeters mm’
ft? square feet 0.093 square meters m’
yd? square yard 0.836 square meters m’
ac acres 0.405 hectares ha
mi square miles 2.59 square kilometers km®
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft* cubic feet 0.028 cubic meters m’
yd? cubic yards 0.765 cubic meters m’
NOTE: volumes greater than 1000 L shall be shown in m’
MASS
oz ounces 28.35 grams g
b pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius *C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m’ cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
1bf/in’ poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm’ square millimeters 0.0016 square inches in’
m’ square meters 10.764 square feet ft?
m’ square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km® square kilometers 0.386 square miles mi®
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m’ cubic meters 35314 cubic feet ft*
m’ cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds b
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 1b) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m’ 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in*

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)

i



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

TABLE OF CONTENTS

EXECUTIVE SUMMARY ...ccuiininnininsninsenssecssnssncssicsssssesssssssssssssssssessssssssssassssssssssssssssssssssss 1
CHAPTER 1 — INTRODUCTION ....uucininrurirensuinsenssesssnssesssessasssessasssssssssssssssssssssssssssssssssssns 3
1.1 BACKGROUND ..ottt ettt ettt be ettt e e e eeeeneas 3

1.2 OBJIECTIVE ..ottt ettt st ettt e enae e e nseeneas 3
L2201 SCOPE ittt ettt ettt ettt e ettt e et e e et e e st e e e nb e e e nbeeentteeenneeennnee s 4

1.2.2 SOUTCE DOCUMENLS .......eeiiiiiiiiiieiiee ettt ettt 5

1.2.3 TerMINOLOZY ..c.eveeuiieeiiieiieeiie ettt ettt ettt e st e bt esebeenbeessaeensaesaaesnseennes 5

1.3 PRELIMINARY RESULTS .....oooioieetee ettt 6
CHAPTER 2 — EVALUATION OF SMSE WALL SUITABILITY ...cccceeveesurssensuecsacsaecan 7
2.1 PRE-DECISION EVALUATION STUDIES......cccoiiiiieeeeeee e 7
2.1.1 MSE Feasibility ASSESSIMENL ........cceriiriirriiriieniieieniierie ettt 7

2.1.2 Determination of Shoring Requirements............cccceeevvieerieeiiieeerieesieecieeeee 9

2.1.3 Feasibility Design of SMSE Wall System.........c.cccoceeviniiniiiiniiniiicnecicneene 9

2.2 DECISION POINT ...ttt sttt sttt e 10
2.2.1 FHWA Experience with SMSE Walls .........cccoeiviiiiiiiiiciiecee e 10

2.2.2 SMSE Wall Selection ProCess.........cocueruierieriiniiriiniesieeieseeieee e 12
CHAPTER 3 — SMSE WALL DESIGN BASIS. ....cciniininrnsinsninecssecsessancsssssssssessssssessae 15
3.1 SMSE WALL RESEARCH REVIEW ....cccccoiiiiiiiiiiiieicieeteeee e 15
3.1.1 Literature Review SUMMATY.......ccccceviiieeiiieeiiieeiie ettt 15

3.1.2 Centrifuge Modeling Summary ............cccceeiieiieniieriienie e 15

3.1.3 Field-Scale Test SUMMATY ........cccvieiiieeiiieeieeeee e 16

3.1.4 Numerical Modeling SUmMmary ..........ccccecevieniriinieninieneeeeeee e 17

3.2 APPLICATION OF RESEARCH RESULTS TO DESIGN OF SMSE WALLS ....17

3.3 SMSE WALL DESIGN CONSIDERATIONS ......ccieiiieiieieieeieeeeee e 19
3.3.1 Backfill SEIECHION .....eeuieiieiiiiieiieeeeeee et 19

3.3.2 Geometric CoNSIAETAtIONS .......eeuieruiiriiieiieniieeiie ettt 21

3.3.3 Drainage Considerations .........c..ccoeeiererrierienieieneeieneeneeeesieesie e e eseesaeens 28
CHAPTER 4 — SITE INVESTIGATION OVERVIEW ......uiinininnissensnssassessasssens 29
4.1 FIELD RECONNAISSANCE ...ttt ettt 29

4.2 GEOTECHNICAL INVESTIGATION.....ccuttitiiieiirienieeiecieeieee e 29
CHAPTER 5 — DESIGN OF MSE WALL COMPONENT .......ccccceveerursecsuecsecsaecacssessae 33
5.1 POTENTIAL FAILURE MODES ......cccoiitiiiiiiiiieneeeeeee et 34
5.1.1 GIobal Fallure........coiueiiiiiiiiiii e 34

5.1.2 Compound Failure of Shoring System and Foundation ............ccccceceveenennnene 34

5.1.3 Failure Across INterface ..........cccceeviiiiiiiiiiiiiiie e 35

5.1.4 Interface Shear Failure ...........cooccooiiiiiiiiiiiiiie e 35

5.1.5 Compound Failure of MSE Wall and Foundation.............cccceceeevviinieiirennnne. 35

5.1.6 Internal Failure of the MSE Wall ... 35

111



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

5.2 FACTORS OF SAFETY ..ottt 36

5.3 INTERNAL STABILITY DESIGN .....cciiiiiiiieieiee et 36

5.4 EXTERNAL STABILITY DESIGN .....ccooiiiiiiiiiiieieeee et 48
5.4.1 Bearing CaPaCILY .....cccveeeiiieeiieeeiieeeiieesiteeeireeetveeeaeeesbeeeesbeeessseeensseesnnseesnnes 48

542 SETIEMENT .....ooiiiiiiieiie ettt ettt ettt st 51

5.5 GLOBAL STABILITY DESIGN......ccoiiiiiiiiieieiit ettt 52
5.5.1 GONETAL ..ot e 52

5.5.2 MSE Wall/Shoring INterface ..........cccecuvevieriieiieeiieieeeieeieeeee et 54

5.5.3 External to SMSE Wall SyStem .........cccocoiiiiiiiiiiiiieiiecee e 57

5.6 SEISMIC STABILITY ..outtitetieiesiee ettt st 58

5.7 CONNECTION STRENGTH DESIGN.......cccoeiiiiiieiieieeeeseeie e 59

5.8 MSE WALL BEHAVIOR .....coiiiiiiiiiiiiteetee et 59
CHAPTER 6 — SHORING COMPONENT DESIGN CONSIDERATIONS.......ccceeeuees 61
6.1 COMMON TYPES OF SHORING WALLS .....oooiiiiiiiieeee et 61

6.2 SOIL NAIL WALL DESIGN FOR SMSE WALLS.........cooiiiieieeieeieeeeeeee 62

6.3 SHORING WALL BEHAVIOR ......occoiiiiiiieieieeeeeee et 64
CHAPTER 7 — DESIGN EXAMPLE.....cccoviininrinsinsenssensanssenssnsssssssssassssssssssssssssssssssssssssass 67
7.1 INTERNAL STABILITY DESIGN .....cciiiiiieiieieieeeeeeee e 67

7.2 EXTERNAL STABILITY DESIGN .....coooiiiiiiiiiieiieeeeie ettt 70
7.2.1 Bearing Capacity CheCK ........c.cceoviiieiiiiiiiieeiiecee et 70

7.2.2 Settlement Check ..........cooiiiiiiiiiiee e 71

7.3 GLOBAL STABILITY DESIGN .....ccuiiiiiiiiiiieteeeeee et 71
7.3.1 MSE Wall/Shoring Interface Stability Check ............ccccevviiniiiiiiiiiiiieene 71

7.3.2 Stability External to SMSE Wall System........cccccuvevviiiriieeriieeiee e 72
CHAPTER 8 — PROCUREMENT AND CONSTRUCTABILITY ISSUES.....ccccceeveue 77
8.1 PROCUREMENT ISSUES .....ooiiiiiiiiietee ettt 77
1.1 GENETAL ...t 77

8.1.2 SCR CONSIAETALIONS. ... .eeiieeiiieiieeiiieiieeiieeieesiee et eteesereeteeseaeenbeesaaesnseenseeennes 78

8.2 CONSTRUCTABILITY ISSUES ...ttt ettt 79
8.2.1 Confined Space for MSE Fill .........cccoiiiiiiiiiiiiiiieccecccecee 79

8.2.2 Reinforcement Connections and OVerlaps .........ccccoecvvevieeeiiineenieeniecieeieene, 79

8.2.3 Rock or Difficult EXCavation...........ccceevuieeiiiieiiiecieeeee e 79

8.2.4 Geometric TOIETANCES. .....c.ueevieiiieiieiie ettt ettt ettt saae e es 80

8.2.5 Foundation Preparation ............ccceeecueieeiieeiiieeeiieeciie et sveeeevee e 80

8.2.6 Interface FIiCtion ......ccccuiiiiiiiieiieciieeitee et e 80

8.2.7 GIOUNAWALET .....oiutiiiiiiiiieite ettt ettt et ettt st e b e ee 81
CHAPTER 9 — CONCLUSIONS AND RECOMMENDATIONS .....ccceeceernreserssanessassans 83
9.1 CONCLUSIONS ..ottt ettt ettt ettt et et ebe e st e sbeenteeaeenseenne e 83

9.2 RECOMMENDATIONS .......ooiiiee ettt 84
0.2.1 IMPIemMENtAtION......cccuieiiiiiieiieeie et eeie ettt et e e et e s e esbeesaaeeseessseenseenens 85

v



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

0.2.2 Wall MONIEOTING ....ccuvieiiieiiieiie et eiee ettt sttt eite et siaeeveeeteeesbeenseesaneenseeenns 85
9.2.3 Future Research ..........cooooiiiiiiiiii e 87
APPENDIX A — LITERATURE REVIEW .....ccuiiniiniinninninssasssssssssssssssssssssssssssossssssasss 89
A.1 REINFORCEMENT SPACING......cceeitiiiieetieeiieeie ettt seve e 89
A.2 REINFORCEMENT LENGTH......ccoiiiiiiiiiieieeiese et 89
A.2.1 Geosynthetic-Reinforced Soil Retaining Walls..........c.ccceeeiienieniiinieeieenen. 90
A.2.2 Constrained Reinforced Fill Zones..........ccoeeeviieiiieiiiiieiieecie et 91
A.2.3 Other Constructed Cases of Short Reinforcement Lengths.............c.ccccee..... 92
A.2.4 Numerical Analyses Evaluating Short Reinforcement Lengths...................... 94
AL2.S SUIMIMATY .citiiiiiiieeeiie ettt ettt e et e e et e e st e e sateeesaaeeesbeesnseeesaseeennseennns 95

A.3 NON-RECTANGULAR REINFORCEMENT GEOMETRY ......cccccovviiiiniiiinnne 95
A.3.1 North American PractiCe .........cecvieiierieiiiieiieeie ettt 95
A.3.2 EUropean PractiCe ........ccveiiiieiiieiiiieciie ettt ettt et 97
A.3.3 ASIAN PractiCe .....oouiiiiiiiieiie et 97
A.4 DESIGN EARTH PRESSURES .......ooiiiiiiiiieeeeee ettt 97
A.4.1 North American PractiCe ........cccoeviiiiiiiiiiiieeiiec et 97
A.4.2 European PractiCe ........cccoevuiiiiiiiiiiieeie ettt 98
A4.3 ASIAN PraCtiCe ... .ciiiiiiiiie ettt e e et e e e aae e sbe e e snree e 98

A.5 FULL-SCALE TESTING OF MSE WALLS.......oeooiiiire e 99
A.6 PERTINENT LITERATURE REVIEW FINDINGS.........cccoooiiiiiiieieieeeee 101
APPENDIX B — CENTRIFUGE MODELING OF SHORED MSE WALL ............... 103
B.1 CENTRIFUGE MODELING .......eeottiiiitieitiiee et 103
B.2 MODELING PARAMETERS .......ooiiiiie et 103
L2 T80 B\ 1<) o T | RSP 103
B.2.2 TeStING APPATATUS ...c..eeveeiiiiieieniienieeie ettt ettt ettt sbe e 106

B.3 TESTING PROGRAM .....cuoiiiiiiiiiiieeece ettt s 107
B.3.1 Phase Lot 108
B.3.2 Phase IL .....ooueioiiieee ettt 108

B4 RESULTS ..ottt ettt sttt ettt et et esne et e et e s e 112
B4 1 PRASE L...ooiiiiieeeeee et s 112
B.4.2 PRaSe 11 ...cc.eoiiiieeee e e n 116
APPENDIX C — FIELD-SCALE TESTING OF SMSE WALL.....ccccceecteserssercsanessascens 119
C.1 PURPOSE ...ttt sttt st e b 119
C.2 TEST WALL DESIGN .....oiiiiiiiiieiesiee ettt 119
C.3 TEST WALL CONSTRUCTION.......ccctiiiiiiieiieeieeiteeiee ettt 122
C.4 INSTRUMENTATION AND MONITORING .....ccccocirieieieiecieeee e 127
C.5 WALL LOADING ... .cttittetteite ettt ettt ettt sveenseeenteebeesaneeneeas 132
C.06 RESULTS ..ottt ettt ettt ettt et et e et ebeeneas 134
C.6.1 Visual ODSEIVALIONS.......ccccuiieiiiieiiieeiieeeieeeeieeeereeeereeeseaeeeraeeeaeeesseeesenees 134
C.0.2 SHAIN GAZES ..ccuvveeeeiieeiieeeieeeeiteeetee et e eateeetteesteeesaseeessaeessseessseesnseeennseens 134
C.6.3 Pressure CellS......ccoiiiiiiiiiiieeiieeie ettt e ere e e s 137
C.6.4 Inclinometer MEaSUICIMENLS. ........eccvierureeiieriieereeniieereesteeeneesseeeseeseessseensnas 142
C.6.5 Survey MeEasurCmeENtS..........cceeiuviieeeiiiireeniiieeeeiiieeeesirreeeesnreeeeesssreeeessnseeeens 144



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

C.6.6 LVDT MEASUIEIMENLS .....c.eeeuiiiiiiiieniieeiieniteeiee sttt ettt et e e s 147

C.6.7 Potentiometer Measurements. ..........cevueeueerieeiiienieiieeniee et e e eees 148

C.7 INSTRUMENTATION SUMMARY ....ooiiiiiiiiiniienieeienteeeeeeee e 149

C.8 COMPARISON OF CENTRIFUGE AND FIELD-SCALE MODELING............ 150

C.9 FACTOR OF SAFETY CALCULATION .....ccciectiiieiieieeeeie e 154
C.9.1 Internal Stability Calculation...........cccveeviiieriieeiieeeece e 154

C.0.2 SUMMATY ..ottt e 161

C.10 CONCLUSIONS. .. ..ottt ettt sttt sttt ettt seeenbeenees 161
APPENDIX D — NUMERICAL MODELING ....cccoceirruieseissancssesssasssssssssssssssssssssasssssssses 163
D.1 PRELIMINARY WORK ....ccoooiiiiiiiiiiieieeeeee et 163
D.1.1 Geogrid Pullout SIMulation ...........cccccuvieiiiieiiieeieeeeece e 163

D.1.2 MOdeling [SSUCS .....ccuieriiiiiieiieeiteiee ettt ettt et ssaeenneas 165

D.2 ANALYSIS DETAILLS ..ot 166
D201 SOOIl 166

D.2.2 SEUCTULES ...ttt ettt st e s eaeeas 168

D.2.3 Model Configuration ...........cccccoceeririiriiniiienieieetese et 169

D.2.4 Initial Stress State and Modeling Sequence ............cccceeeveeviierieeciieniesreenen. 171

D.3 ANALYSIS RESULTS ...ooiiieoteeetetee ettt 172
D.3.1 Geogrid Strain BEhavior...........cccoeviiiiieiiieiiieieesie e 172

D.3.2 MSE/Shoring Interface Pressure Behavior..........c.cccceeeviieniiiiiiiiccieeen 172

D.3.3 Failure CharaCteriStiCs .........ceouerieriirieriieieeieniienie ettt 178

D.4 CONCLUSIONS ...ttt st e e e ee s e eeeneenes 178
APPENDIX E — RESULTS OF GEOGRID PULLOUT SIMULATION ......cccceeeveeneee 183
E.1 MEDIUM MESH COARSENESS.......ootoeiee et 183

E.2 VERY FINE MESH COARSENESS ......oooiiiiieeeeee et 190
GLOSSARY OF TERMS....uucoiiiiinuinsensicssnssesssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 197
ACKNOWLEDGEMENTS ...cuuiiniiniiiinninnnicsnessenssecssssecssisssssssessessessssssssssssssssssssssssssssassase 205
REFERENCES......cucouiiiiiiinnininssissnnsisssissssssesssissssssessssssssssssssssssssssssssssssssssssssssssssssssssess 207

vi



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.

Figure 7.

Figure 8.
Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.
Figure 14.

Figure 15.
Figure 16.

Figure 17.
Figure 18.

Figure 19.

Figure 20.
Figure 21.

Figure 22.
Figure 23.

Figure 24.
Figure 25.
Figure 26.
Figure 27.

Figure 28.
Figure 29.
Figure 30.
Figure 31.

LIST OF FIGURES
Diagram. Generic cross section of an SMSE wall system............ccoccevevienenicnnenne. 6
Flow chart. Design methodology for SMSE wall systems. ...........cccceevvieiiieencnnnns 8
Photo. EI Portal Road re-CONStruCtion. .........cccueeeeruieierienienienieeieeienieeiesieeneeeens 11
Photo. Compound wall construction at Zion National Park. ...........c.ccccceveieenneen. 12
Flow chart. Flow chart for assistance in SMSE wall selection............cc.ccccceenneee. 13
Diagram. Proposed geometry of MSE wall component of an SMSE wall
A1 154 0 VUSROS 22
Diagram. Alternate proposed geometry for MSE wall component of an
SMSE Wall SYSEEIM. ...oiiiiiiiiiiieeiiie et e eeee ettt e e re e e ee s eesraeesaeeeseneeennseeens 23
Diagram. Frictional connection options for an SMSE wall system..........c..cccccc..... 25
Diagram. Mechanical connection options for an SMSE wall system..................... 26
Diagram. Stepped shoring wall interface. ...........ccoooveviiieiiiniiinieiiecee, 27
Diagram. Conceptual internal drainage for SMSE wall system. .........ccccceceeeeeenee. 28
Diagram. Ideal boring layout for SMSE wall system design.........c.ccceceevervenuennnene 30
Diagram. SMSE wall system failure modes. .........cccceeevuiieriiieniiieeniie e, 34
Diagram. Location of potential failure surface for internal stability design
of MSE wall component with extensible reinforcements. ...........c.cccecvverveecireneenen. 38
Diagram. Location of potential failure surface for internal stability design
of MSE wall component with inextensible reinforcements. ............cccceeceereenuennnene 38
Chart. Variation in lateral stress ratio coefficients with depth in an MSE
WALLD e 40
Diagram. Battered MSE wall facing. ........cccocovveviiieiiiiiiieeeeeeece e 41
Diagram. Distribution of stress from concentrated vertical load F for
internal and external stability calculations............ccccceeriiieriieinciieiecccee e, 42
Diagram. Free-body diagram for calculation of required tensile capacity
1N the TESISEANT ZOME. ..c..eiuiieiiiiieieietee ettt 44
Diagram. Calculation of vertical stress at foundation level.............cccccoevvveeieennen. 49
Chart. Modified bearing capacity factors for footing adjacent to sloping
GIOUNA. Y L.ttt 50
Diagram. Conceptual failure surface and design methodology assuming
zero interface shear Strength. ........ccooviiiiiiiiiiie e 55
Diagram. Conceptual failure surface to evaluate stability along shoring/
MSE INEETTACE. ....ouvieieiiieiieeeet ettt 57
Diagram. Conceptual global stability failure surface. .........cccooceevieniiiiiiniinene 58
[lustration. Illustration of design example. ..........ccccveviieiiierieeiienieeieee e, 67
Calculation. Reinforcement rupture calculation for the design example................ 73
Calculation. Required total tensile capacity of MSE reinforcements for
deSIZN EXAMPIC. ... .viiiiiiieiiie ettt e e e et e e e et e e e ae e e enaaeeenraeens 74
Calculation. Pullout resistance calculation for design example............c.ccceeeueenee. 75
Screenshot. Interface stability check for the design example. ..........cccevevvieennnenn. 76
Ilustration. Staged construction procedures for the GRS-RW system.“? ............ 90
[llustration. Profile of a multi-anchored wall (A) and plan view of the
reinforcement (B). ) .........o. oo 93

vil



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

Figure 32.
Figure 33.
Figure 34.

Figure 35.
Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.
Figure 41.
Figure 42.

Figure 43.

Figure 44.
Figure 45.
Figure 46.
Figure 47.
Figure 48.
Figure 49.
Figure 50.
Figure 51.
Figure 52.
Figure 53.
Figure 54.
Figure 55.
Figure 56.
Figure 57.

Figure 58.
Figure 59.
Figure 60.
Figure 61.

Figure 62.
Figure 63.
Figure 64.
Figure 65.

Figure 66.

Figure 67.
Figure 68.

[lustration. A multi-nailing shoring system combined with MSE

CONSTIUCHON. M ... 94
Diagram. Dimensioning for MSE wall with variable reinforcement

TENGIIS. D) ..ttt 96
Graph. Particle size distribution for Monterey No. 30 sand used for

Phase I centrifuge modeling. ™ ...........o.cooooioeeoeeeeeee e 105
Graph. Gradation of mortar sand used for Phase II centrifuge testing. ................ 106
Schematic. Schematic of centrifuge model test set-up.“” .........oocovevvevereererennns 107
[lustration. Phase II centrifuge model configuration. ...........ccccceeveiiiiiiiniinnen. 111
Photo. Centrifuge test series 2 at 37g acceleration. ............coceeeeveerieiieeniiencieennens 113
Photo. Centrifuge test series 2 at 38g acceleration. ...........ccccveeeeieercrieerieeeeneeenne, 113
Photo. Centrifuge test series 2 at 41g acceleration. ...........ccceeeeveerieriieniienieennens 114
Schematic. Test wall plan VIEW. ........cccciieiiiiiiiieiiee e 120
Schematic. Typical field-scale test wall cross section with unconnected

S ] 157 1 1 USSP 121
Schematic. Typical field-scale test wall cross section with connected

S ] 157 1 1 F USSP PPRRPI 122
Schematic. Connection detail for connected wall system.........c..ccceeveveriinennnene 123
Photo. Reinforced fill compaction and retained fill placement. ............c..ccoc....... 123
Photo. Nuclear density gage testing of reinforced fill zone.............c.ccccvveennnnnnne. 124
Schematic. Plan view of shoring beam connection to pit wall. ............c..cceeneee.ne. 125
Photo. Installation of shoring beam. ...........ccccoeviiiiriiiieiiieeeeceece e 125
Schematic. Tensar® welded wire facing unit. ...........ccoeeeeviieiienieenienieeeeeee 126
Photo. Geogrid installation. .........c..cccueieiiiieiiiieeiie e e 126
Schematic. Instrumented wall SECtION.........cocuiviiiiiiiiiiiiiiieeceeeeee 128
Photo. Strain gage installed on uniaxial geogrid. .........cccvevviieriieeniieiriieeiees 129
Photo. Earth pressure cells, Model 4800 (left) and Model 4810 (right). .............. 129
Photo. Inclinometers installed at the face of the MSE wall. ..........ccccoociniiiinnene. 130
Photo. Total station surveying of footing deflection. ..........ccccceevvevcriieriirenneennne, 130
Photo. LVDT instrumentation installation............ccccccceeverieneniininnenienicienne 131
Photo. Potentiometer installation showing connection to vertical

TEERTEIICE. ...ttt ettt ettt ettt et e bt et e s b e e seesate e bt e eabeeseeeanean 131
Photo. Potentiometer wire connection to welded wire facing. ..........ccccveeeneennee. 132
Graph. Footing settlement measurements recorded during dead loading............. 133
Photo. Field-scale test wall load frame and jack set-up.........ccccceevverieeiienvennnens 133
Photo. Development of slack in geogrid reinforcement during wall

JOAAINE. ..ottt ettt ettt e e e et e et e be e e tbeenraeenseenne 134
Graph. Strain measurements in geogrid, connected wall system.......................... 135
Graph. Strain measurements in geogrid, unconnected wall system...................... 136
Graph. Average measured strain versus applied surcharge pressure.................... 137
Graph. Measured lateral earth pressures for the connected and

unconnected Wall SYStEMIS. ......ccuvieiiiieiiie et e 138
Graph. Measured vertical pressures for the connected and unconnected

WALl SYSEEIMIS. ..eeuviieeiiiieeiie ettt ettt tte et e et e et e e et eeeabeeeenseeessbeesnseeennneeens 140
Graph. Measured versus applied vertical pressures excluding overburden.......... 141
Graph. Calculated lateral earth pressure coefficient. ..........cccooeveeeiveniieciienieennnne. 142

viil



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

Figure 69.
Figure 70.
Figure 71.
Figure 72.

Figure 73.
Figure 74.
Figure 75.
Figure 76.
Figure 77.
Figure 78.
Figure 79.
Figure 80.
Figure 81.
Figure 82.
Figure 83.
Figure 84.
Figure 85.
Figure 86.
Figure 87.

Figure 88.
Figure 89.

Figure 90.
Figure 91.
Figure 92.
Figure 93.
Figure 94.

Figure 95.
Figure 96.

Figure 97.
Figure 98.

Figure 99.

Graph. Measured cumulative displacement of MSE wall face.........c..ccoceevennenne. 143
Graph. Measured cumulative displacement of shoring wall..............ccccoeeieennen. 144
Graph. Measured settlement of load footings using total station.......................... 145
Graph. Measured horizontal displacement of load footings using total

SEALIOML. 1.ttt b et et b et sb et ettt et b e et sh et et 146
Graph. Comparison of settlement measurements obtained using total

station and 1eVeL. .........oooiiiiii e 147
Graph. Average vertical settlement of load footings measured using

| DAY D LRSS 148
Graph. Potentiometer measurements for the connected and unconnected

WALl SYSEEIMIS. ..eeuviieiiiieeiieeciee et et e et e e et e e s e et eeetaeeeaaeeeasaeessseeeesseeensseeesseenns 149
Graph. Comparison of centrifuge reinforcement tears to field-scale test

wall Strain gage lOCAtIONS. .......ccvvieiiieeeiee ettt ettt e s e e e saeeessreeeaaee s 152
Graph. Comparison of theoretical active failure wedge to actual failure

FoLST0) 10 1S] 0 oSSR PPRPPP 153
Calculation. Calculation of vertical stress due to footing load for test

221 | RSO PS T USRI 156
Calculation. Reinforcement rupture calculation for test wall. ... 157
Calculation. Calculation of required pullout capacity for test wall. ..................... 159
Calculation. Calculation of pullout resistance for test wall. ..............cccveerveeennnen. 160
Diagram. Geogrid pullout simulation model set-up. ..........cccoevvieiienieeciienieenens 164
Graph. Stress-strain comparison over small strain range.............cccceeeeeveeeeveennnenn. 167
Graph. Stress-strain comparison over large strain range. ..........cocceveeveveeneennenne. 167
Diagram. PLAXIS field-scale test wall model configuration. ............cccccvveennennnns 170
Screenshot. PLAXIS model mesh discretization. .............coceveevenieneeiienienennens 171
Graph. Calculated strains in geogrid layers over field-scale test load

TATLZC. .. vvveeeenitteeeeeeteeeeasaueeeeeasseaeeeansaeeeaassseeesasssaeeesansseeesannsseeesansseeesanssseesennsseeeeannsees 173
Graph. Calculated strains in geogrid layers over model load range. .................... 174
Graph. Lateral pressures recorded at tracking points for footing

pressures Up t0 350 KPa.......oooiiiiiiiiiiiee s 175
Graph. Vertical pressures recorded at tracking points for footing

pressures Up t0 350 KPa.......ooiiiiiiiiiiie e 176
Graph. Lateral pressures recorded at pressure tracking points. ...........ccceeevveennee. 177
Graph. Vertical pressures recorded at pressure tracking points............cccceeveeueenee. 177
Screenshot. Principal stress directions at footing loading of 50 kPa. ................... 179
Screenshot. Principal stress directions prior to failure (footing loading =

1,050 KPQ). ittt 180
Screenshot. Relative shear contours at footing loading of 50 kPa........................ 181
Screenshot. Relative shear contours prior to failure (footing loading =

1,050 KPQ). ..ottt ettt ettt ettt nees 182
Screenshot. Plastic point development at displacement of 0.005 m,

MEATUM TSI ..ttt sttt 183
Screenshot. Geogrid development length at displacement of 0.005 m,

MEATUM TSN ..ttt 183
Screenshot. Plastic point development at displacement of 0.010 m,

MEATUM MESH. ...ttt 184

X



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

Figure 100.
Figure 101.
Figure 102.
Figure 103.
Figure 104.
Figure 105.
Figure 106.
Figure 107.
Figure 108.
Figure 109.
Figure 110.
Figure 111.
Figure 112.
Figure 113.
Figure 114.
Figure 115.
Figure 116.
Figure 117.
Figure 118.
Figure 119.
Figure 120.
Figure 121.

Figure 122.

Screenshot. Geogrid development length at displacement of 0.010 m,

MEATUM TMESH. ..ttt st an 184
Screenshot. Plastic point development at displacement of 0.015 m,

MEATUM TMESH. ..ttt sttt as 185
Screenshot. Geogrid development length at displacement of 0.015 m,

MEATUM MESH. ..ottt 185
Screenshot. Plastic point development at displacement of 0.02 m,

MEATUM MESH. ...ttt 186
Screenshot. Geogrid development length at displacement of 0.02 m,

MEATUM MESH. ...iiiiiiiiiiiiie et 186
Screenshot. Plastic point development at displacement of 0.05 m,

MEATUM MESH. ..ttt 187
Screenshot. Geogrid development length at displacement of 0.05 m,

MEATUM MESH. ..ttt 187
Screenshot. Plastic point development at displacement of 0.10 m,

MEATUM MESIL ..ottt ettt et aee e s 188
Screenshot. Geogrid development length at displacement of 0.10 m,

MEATUM MESH. ..ottt et as 188
Screenshot. Plastic point development at displacement of 0.20 m,

MEATUM MESH. ..ottt ettt as 189
Screenshot. Geogrid development length at displacement of 0.20 m,

MEATUM MESH. ..ottt sttt as 189
Screenshot. Plastic point development at displacement of 0.005 m,

VETY FINE MESN. ..eiiiiiiiiiiiece e e e 190
Screenshot. Geogrid development length at displacement of 0.005 m,

VETY FINE MESN. ..oiiiiiiiiiiiece e e e 190
Screenshot. Plastic point development at displacement of 0.010 m,

VETY fIN€ MESH. ....eiiiiiiiiii e 191
Screenshot. Geogrid development length at displacement of 0.010 m,

VETY fINE MESH. ....oiiiiiiiiiiiiee e 191
Screenshot. Plastic point development at displacement of 0.015 m,

VEry fINe MESH. ...coiiiiiiiii e 192
Screenshot. Geogrid development length at displacement of 0.015 m,

VEry fINe MESH. ...ooiiiiiiiiii e 192
Screenshot. Plastic point development at displacement of 0.02 m,

VETY FINE MESN...ooiiiiiiiiiice et e e 193
Screenshot. Geogrid development length at displacement of 0.02 m,

VETY FINE MESN. ..eiiiiiiiiiiii e e 193
Screenshot. Plastic point development at displacement of 0.05 m,

VETY FINE MESN. ..eiiiiiiiiiiiee e e e 194
Screenshot. Geogrid development length at displacement of 0.05 m,

VETY FINE MESN. ..eiiiiiiiiiiiee e e e 194
Screenshot. Plastic point development at displacement of 0.1 m,

VETY fINE MESH. ..eeiiiiiiiiiiee e e e 195
Screenshot. Geogrid development length at displacement of 0.1 m,

VETY fIN€ MESH. ....eiiiiiiiiicit ettt en 195



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

Figure 123. Screenshot. Plastic point development at displacement of 0.2 m,

VETY FINE MESN. ..oiiiiiiiiiii e e e 196
Figure 124. Screenshot. Geogrid development length at displacement of 0.2 m,
VEIY FINE MESI. ...ttt et e e e e es 196

X1



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

Table 1.
Table 2.
Table 3.
Table 4.
Table 5.
Table 6.
Table 7.
Table 8.
Table 9.

Table 10.
Table 11.
Table 12.
Table 13.
Table 14.
Table 15.
Table 16.
Table 17.

LIST OF TABLES
Select granular fill gradation example specification...........c.ccecveveererienienenicnennene. 20
Embedment depths (d) for MSE Walls.®) ..o 26
Interface friction angles.®” .. ........coo.ivvieeoeeeeeeee oo, 56
Recommended SMSE wall construction tolerances. ..........cccccevceervieenienieenicniieeneene 80
Summary of SMSE wall system design recommendations ..........c..cceceeevereeneeeennnnn 84
Centrifuge scaling relations.®”” B eeeeeeeees e eesee st s st s e e neesse e ee s eanene 104
Unconfined tensile strengths of the reinforcement. .............cocceviiiiiiiiiiiinenene, 104
Summary of Phase I centrifuge test models............cocueeriiriiieiieniiciiececeee, 109
Centrifuge model parameters compared to prototype parameters. .............cceeeeveeenns 110
Comparison of centrifuge model and prototype footing pressures. ............c.cccuvenee. 110
Summary of Phase I centrifuge test results..........coevvreriieeriieeiiiiiieece e 112
Specification summary for test wall instrumentation. .............ccocceeeviieniiiiieeneeenene. 127
Results of geogrid pullout sSImulation. .............ccecvveeviiiieiiieeiiieeeeeee e 164
Soil MOdE] PATAMELETS. .....cveeeiiieiiieiieie ettt ettt e e 168
Modeling parameters for ZE0Ogrid..........eeviiiiiiieiiiieeiie e 168
Modeling parameters for MSE facing units. .........cccccoceeveriiniininiiniinencneceene 168
Modeling parameters for loading fOOting. ...........cccecveviieiiieniiiiiieieeeeee e 169

Xii



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

AASHTO
Ay

Am
ASTM

SURSSS

FHWA
FLH
FS
FSbc
FS,
FSes

LIST OF ABBREVIATIONS AND SYMBOLS

American Association of State Highway and Transportation Officials

area of load footing
maximum horizontal acceleration
American Society for Testing and Materials

gross width of the strip, sheet or grid; or bench width
length of load footing measured perpendicular to wall face

width of MSE wall measured from wall face

cohesion of foundation soil
reinforcement effective unit perimeter
coefficient of consolidation
uniformity coefficient (Dgs/D )
compression index

foundation or toe embedment depth of MSE wall
footing embedment depth

relative density

diameter of influence from footing load

particle size which 10 percent of material passes
particle size which 30 percent of material passes
particle size which 60 percent of material passes
Department of Transportation

eccentricity
axial stiffness
bending stiffness

reference secant modulus for deviatoric loading
reference secant modulus for primary compression

reference secant modulus for unloading/reloading

maximum tensile force

pullout resistance factor

concentrated horizontal load

concentrated vertical load

embedment bearing capacity factor

pullout resistance

Federal Highway Administration

Federal Lands Highway

factor of safety to account for uncertainties
factor of safety against bearing capacity failure
factor of safety against compound failure
factor of safety with regard to connection strength

xiil



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

FSex
FS,
FSis
FSot
FS,
FSpo
FS,
FS;.
FS
FS;

LT

HDPE

factor of safety against external instability

factor of safety against global failure

factor of safety against interface shear instability

factor of safety against overturning failure

factor of safety against MSE reinforcement pullout failure
factor of safety against soil nail pullout

factor of safety against reinforcement rupture

factor of safety against internal shear failure

factor of safety against base sliding

nail tensile capacity factor of safety

gravitational acceleration

horizontal distance

vertical wall height

slope height for bearing calculation
high density polyethylene

slope inclination angle

kiloNewton

the horizontal force coefficient acting on the back of the wall face
active lateral earth pressure coefficient

lateral earth pressure coefficient

lateral stress ratio

kiloPascal

length of reinforcement

reinforcement length at base of MSE wall

length of embedment in the resisting zone at the i reinforcement level
length of load footing

reinforcement length at top of MSE wall

length of truncated failure wedge; wall length

nail length at depth, z

load and resistance factor design

linear variable displacement transducer

meter(s)

millimeter(s)

power for stress-level dependency of stiffness
mass of active soil

mechanically stabilized earth

coefficient of gravitational acceleration

reaction force normal to failure surface
reaction force normal to shoring wall

Xiv



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

Pk
Pp
Prr

Pp
ref

PI

PVC

dimensionless bearing capacity factor
dimensionless bearing capacity factor
slope stability factor

National Concrete Masonry Association

Occupational Safety and Health Association

dynamic horizontal thrust
driving force

horizontal inertia force
lateral reactionary force
resisting force

reference pressure
plasticity index

polyvinyl chloride

uniform surcharge load
ultimate nail pullout resistance
allowable bearing capacity
ultimate bearing capacity

reinforcement coverage ratio (b/sy,)
failure ratio

shear resistance along the failure surface

shear resistance along the shoring wall

center-to-center horizontal spacing between strips, sheets or grids for MSE
wall

center-to-center horizontal spacing between nails for soil nail wall
poorly-graded sand

vertical spacing between MSE reinforcements

center-to-center vertical spacing between nails for soil nail wall
spacing of transverse bar of grid reinforcements

Supplemental Contract Requirement

shored mechanically stabilized earth

thickness of the transverse bar of grid reinforcement
reinforcement tensile strength

allowable strength (force per unit width) of reinforcement
maximum tension per unit width at i reinforcement level
nominal or ultimate nail tendon tensile strength

required pullout resistance

Turner Fairbanks Highway Research Center

Unified Soil Classification System

XV



SMSE WALL SYTSTEMS DESIGN GUIDE — TABLE OF CONTENTS

<

SEA

i

&
@ps
Prx

ap

Bs

Oyi
O

Otension

O3

vertical distance
vertical component of shoring wall batter

width of load footing measured parallel to wall face
weight of the active wedge or reinforced block
width of load footing

distance to center of footing measured from face of MSE wall

depth below top of wall

unit weight
unit weight of foundation soil

friction angle

effective friction angle

friction angle of foundation soil
plane strain friction angle
triaxial shear friction angle

scale effect correction factor; aspect ratio
bearing factor for passive resistance

internal angle of truncated failure wedge
slope angle measured from horizontal

inclination of MSE wall facing measured from horizontal starting in front
of the wall
interface friction angle

angle of the failure surface measured from horizontal
dilatancy angle

Poisson’s ratio for unloading/reloading
soil-reinforcement interaction friction angle

concentrated horizontal surcharge load
concentrated vertical surcharge load

horizontal stress

vertical stress

overburden pressure at the i reinforcement level
horizontal pressure at depth, z

tensile strength

confining stress

XVi





