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PREFACE

This document presents state-of-the-practice information on the design and installation of cement-
grouted ground anchors and anchored systems for highway applications. Anchored systems
discussed include flexible anchored walls, slopes supported using ground anchors, landdlide
stabilization systems, and structures that incorporate tiedown anchors.

This document has been written, in part, to update the design manua titled "Permanent Ground
Anchors' (FHWA-DP-68-1R, 1988). This document draws extensively from the FHWA (1988)
design manual in describing issues such as subsurface investigation and laboratory testing, basic
anchoring principles, ground anchor load testing, and inspection of construction materials and
methods used for anchored systems. Since 1988, advances have been made in design methods and
from new construction materials, methods, and equipment.

Results of anchored system performance monitoring and research activities conducted since 1989 are
also included in this document. Most recently, research was conducted under a FHWA research
contract on the design and performance of ground anchors and anchored soldier beam and timber
lagging walls. As part of that research project, performance data on model- and full-scale anchored
walls were collected and analyzed. Several of the analysis methods and design procedures that were
recommended based on the results of the research are adopted herein. This research is described in
FHWA-RD-98-065 (1998), FHWA-RD-98-066 (1998), FHWA-RD-98-067 (1998), and FHWA-RD-
97-130 (1998).

This document provides detailed information on basic principles and design analyses for ground
anchors and anchored systems. Topics discussed include selection of design earth pressures, design
of corrosion protection systems for ground anchors, design of wall components to resist lateral and
vertical loads, evaluation of overall anchored system stability, and seismic design of anchored
systems. Also included in the document are two detailed design examples and technical
specifications for ground anchors and for anchored walls.



TABLE OF CONTENTS

CHAPTER 1 INTRODUGCTION. ...ttt sseesseeasseessseessesssseesneesnseesanesnneen 1
O U 0TS P RRSRTRIN 1
1.2 ANchored System SErVICE Life. ..o 1
G R = 7= 10 (o | 0 0 o [ RSSO P PP 2

CHAPTER 2 GROUND ANCHORSAND ANCHORED SYSTEMS......cocoiieeeeee 4
2L INTRODUGCTION ...ttt et s se e s b s e e e seesseesaseesseesneesseesnreesneesnneesnnas 4
2.2 GROUND ANCHORS. ... e n e nnees 4

2.2 1 GENEIEL. ..ot e bttt nn b e rennea 4
2.2.2  Typesof Ground ANCNOIS.........ccciiiiiiiii e nee e 6
2221 GENENE.....eieeeee e ettt renre s 6
2222  Straght Shaft Gravity-Grouted Ground ANCNOIS.........cceceeriereereeresee e eee e 7
2.2.2.3  Straight Shaft Pressure-Grouted Ground ANCHOrS.........cceoveeierrcreneneneeeneennenes 8
2224  Post-grouted Ground ANCHOIS........ccouiiierieriieree e 8
2225  Underreamed ANCNONS. ..ot 8
2.2.3  TeNAON MEEITEAS.......cceeeiiriecee e 8
2231  Sted Bar and Strand TENONS.......cccoiiriiririeeieeeee e 8
2232  Spacars and CantraliZErS.......ccooiiriiiiereee et 9
2.2.3.3  Epoxy-Coated Bar and Epoxy-Coated Filled Strand ............cccoeeeeveeieceecnenen. 10
2.2.34  Other Anchor Typesand Tendon Maerias .........ccooovevvreereece e 10
224 COMENE GIOUL ......c.eirieeieetieeeste ettt a e s e b e e sre e b enesne e neenenre e 11
2.3 ANCHORED WALLS ...ttt sttt st b e e e e be e san e e be e s nneenneesaneen 11
2.3 L GENENE. ..ottt bbbt a b renne e 11
2.3.2 Soldier Beamand Lagging WAl .........cc.ooieeiiiieece et 12
2.32 1 GENEMEA. ..o 12
2.3.2.2  SOIIEr BEAM....c..eoiieeeeee ettt 13
2.3.2.3  LAJGING:ctverveereereeseeeeseeeseseeeseeee s s ees s es e s et s s en e s eeseee e 14
2.3.24  CONSIUCHION SEOUENCE.......ueeiveeueerieerieeresieesteeeesseesseesesseesseesesseessesnsessessseeees 15
2.3.3  CONINUOUSWEEIIS.......oeiiiiiieee e 15



TABLE OF CONTENTS (Continued)

2.4 APPLICATIONS OF GROUND ANCHORS..... ..ot 16
2.4.1 Highway Retaning WES............coo it 16
2.4.2 Sopeand Landdide StailiZation...........ccceeeereerieieieeseee e 17
2.4.3  TIEOOWN SITUCIUMES........oeiiiieeiieeieeee ettt et b e sne e 17

CHAPTER 3 SITEINVESTIGATION AND TESTING......coooiiiiieie e 19

S LINTRODUCTION ...ttt e e sne e s e e abe e s s e e nse e saneenneesnneesneesnneens 19

3.2 FIELD RECONNAISSANCE ... .o e 19

3.3 SUBSURFACE INVESTIGATION ...ttt sttt sttt st ss e nse e e 20
331 GENEEL. ..ot R et n e r e nn e ne e 20
3.3.2 Soil and ROCK SIratigraphly .........ocueeiviee et 21
3.3.3  GIOUNGWELEY-.......c.eeuieieeeeiestee ettt r e s et er e n e r e nn e enenr e 22

3.4 LABORATORY SOIL AND ROCK TESTING.......ciiiiiiieeee e 22
AL GENEIEL. ..ot a et renn e ne e 22
3.4.2 Classfication and INdeX PrOpErtiES........ccvevieeieceece e 23
T G TS 075 = 1= 1 (1 S 23
344 CONSOITBLION. ...t bttt sr e 23
3.4.5 ElectroChemiCa CritEaL......coviirieeeieeiesie e 24

3.5IN SITU SOIL AND ROCK TESTING ...ttt 24

CHAPTER 4 BASIC PRINCIPLES OF ANCHORED SYSTEM DESIGN .......ccccviiiiienieeen. 26

4.1 GENERAL DESIGN CONCEPTSFOR ANCHORED WALLS......cccciiiiiieeeeeeienne 26

42 FAILURE MECHANISMSOF ANCHORED SYSTEMS........oooiieieeeeeeeeeee e 28
N R €T 1 1= - PP 28
4.2.2 Falure Mechanisms of the Ground ANCHO ..o 28
4.2.3 Falure of SOIdIEr BEAMS ........coiviieicireeeee e 31
A = 0T o I 0o [ o' IR 32

43 SELECTION OF SOIL SHEAR STRENGTH PARAMETERSFOR DESIGN ............ 33
Nt R €T 1 1= - OSSP 33
4.3.2 Drained Shear Strength of Granular SOIIS..........cccooveiiiiiiii e 33
4.3.3 Undrained Shear Strength of Normally Consolidated Clay..........cccovveieeienieneciinnenne 33

v



TABLE OF CONTENTS (Continued)

4.3.4 Undrained Shear Strength of Overconsolidated Clay..........ccooeveeieneivenicneecien 34
4.3.5 Draned Shear Strength of Overconsolidated Clay..........cccoveeeieeieciee i 34
44 EARTH PRESSURES...... .o 36
N R €T 1 1= = USSP PR PR 36
4.4.2 Activeand PassVe Earth PrESSUNE..........ccoiiiiiieeccee e 36
4.4.3 Eath PreSsUre al RESE......ccooiiiiieece st 41
4.4.4 Influence of Movement on Earth PrESSUNE...........ccoiiviiiiiecerc e 41
CHAPTERS5 DESIGN OF ANCHORED SYSTEMS ..ot 46
S.LINTRODUGCTION ...ttt s be e ssee e se e s see e abeessseebessaseesseesnseesseesnnean 46
5.2 EVALUATION OF EARTH PRESSURES FOR WALL DESIGN.......ccccoiiiiieiiieieenienne 47
5.2 1 INEOTUCHION ..ottt r e resn e nr e 47
5.2.2  BACKGIOUNG .....cueiuiiiiiiiisie sttt b et e e s b e ne e 48
5.2.3 Terzaghi and Peck Apparent Earth Pressure Diagrams..........ccooeeveveenieeieseeniessee s 49
5.24 Recommended Apparent Earth Pressure Diagram for Sands.........cccceveveeeieeciecciecneene, 50

5.25 Recommended Apparent Earth Pressure Diagram for Stiff to Hard Fissured
ClBYS ..ttt b e R R Rt e et e s b nn b nreens 52
5.2.6 Recommended Apparent Earth Pressure Diagram for Soft to Medium Clays................. 57
5.2.7 Loading Diagrams for Stratified Soil Profiles..........ccooveveeecieiece e 60
5.2.8 SidingWedge AndySSMEh0d..........cccoveiiiieiice e 60
5.2.9  WEEN PIESSUIES......cueiitieiieiieite ettt b e sae e nn e sne e n e ne e 62
5.2.10 Earth PressuresDue TO SUMace LOAS.........ccvveriireeieieeseesie e 64
5.2.10.1  Uniform SUrcharge LOAOS.........c.coiieiecee e 64
5.2.10.2 Point Loads, Line Loads, and Strip LOAOS........cccceveeveeeeenieie e 64
5.3 GROUND ANCHOR DESIGN ...ttt ettt st st ss e sne e e 65
5.3 1 INTOOUCTION ...ttt bbbt n e nenrenreene e 65
5.3.2 Location of Critical Potential Failure SUrface............coveieiniieieieceeeseseeee e 65
5.3.3 Cdculation of Ground Anchor Loads from Apparent Earth Pressure Diagrams............. 65
5.3.4 Desgnof theUnbonded Lengthi..........coooiiiiiriiinieeeee e 67
5.3.5 COMPreSION ANCNOIS.....c..oiiiiieiieeie e ee sttt sbe e saeesseeeesseesbeseesneeee 68
5.3.6 Dedgnof the Anchor Bond Length...........ccceeieiiiie it 69



TABLE OF CONTENTS (Continued)

5.3.7 Spacing Requirements for Ground ANCHOIS..........oeuireerierieseese e 75

5.3.8 Sdection of Prestressing Sted EleMEnt .........ocvevieie i 77

5.4 WALL DESIGN BASED ON LATERAL PRESSURES. ..o 78
54.1 Desgnof Soldier Beamsand Sheet-PIles.........cooiiiieiiiiieeeee e 78

5.4.2 Desgnof Lagging for TEMPOrary SUPPOI .......cevereerieerieeie et siee s 81

5.4.3 Dedgnof Waesand Permanent FaCing .........cccevveeveeiece e 83
S5.5LATERAL CAPACITY OF EMBEDDED PORTION OF WALL .....coooiiiiieeeeeeeeneee 84
5.5 1 GENEIA. ..ot et b e e ne e 84
5.5.2 Evauation of Ultimate PasSVe REISANCE ........ccccvereeieeierienienesesiee e 84
55.21  Soldier Beamand Lagging WS .........coooeeiicieieeceeececeee e 84

5522  COMNUOUSWEIS........oouiiiiriiieecieteee e e 86

5.5.3 Depth of Penetration DEIOW EXCAVAION...........coiiireeieiesee e 86
5.5.4 Comparison of Wang-Reese and Broms Method for Competent Sails.............cceeuee.e. 87

5.6 AXIAL CAPACITY OF WALL ...ttt s 88
5.6. 1 INErOTUCHION ..ottt r e resn e nr e 88

5.6.2 AXid Load EVAURION.........coueiiiiiieeee e 89
5.6.3 Axid Cgpacity Desgn of Driven Soldier Beams..........cooceevieeninie e 90
5.6.3. L GENEMA......ooiieeee et b e e 90

5.6.3.2  Effective Stress Andysis for Driven Soldier Beams..........ccccveveveeveesieseeseene. 90

56.33  Totd StressAndyssfor Driven Soldier Beamsin Clays.........ccccocevenenciennnne 92

5.6.4 Axid Cgpacity Design Of Drilled-in Soldier BEAMS.........ccoceieeieriiineenieeieseeree e 93
5.6.4.1 GENEMEA......coiiieee et bbb e 93

5.6.42  CoheSONIESS SOIIS.....c.civiiciriiieecee e 93

56.43  CONEIVESOIIS .....ceieiieiieeeeee e 94

5.6.4.4 Design Issues for Concrete Backfill of Predrilled Soldier Beam Hales............... 95

5.7 ANCHORED SLOPESAND LANDSLIDE STABILIZATION SYSTEMS...........cccee. 96
B.7. 1 GENEIE. ..ottt a e bt a et e ne e 96
5.7.2 DEIGN CONCEDLS. ....cuveueetiteriesiesieeeeieessessessesse sttt e e ee s e ssesbessesbesseesessee s eneessesbessesnenes 96

5.7.3 Limit EQUIlIbum CACUIBHONS.........coeiiieeieeeseeeee et 97
5731  Overal APProach.......occociiiiie e 97



TABLE OF CONTENTS (Continued)

5732  MehOU L ANAYSS. ..ot 98

5.7.3.3 VTS (g e BN 0 LY LS PR 100

5.7.4 Modding Laterd Wal Resgtancein Limit Equilibrium AnalySeS.........ccoevveeeveenieennnns 101
5.7.5 Comparison of Methods to Evaluate Required Earth Load in Homogeneous

S0IIS et r e r e nr e nenne s 102

5.8 GROUND MASS STABILITY ¢t s 105

5.8. 1 INrOUUCHON.......cviueeiiitiieceeieetee et r e n e 105

5.8.2 Basa Sty .c.oveeeerieieeee e 105

5.8 2.1 GENEME......ooieieeeeeeee e e 105

5.8.2.2  Evadudion of Bottom Heave Potentid in Soft to Medium Clays....................... 105

5.8.3 EXENa SEDIITY .....cooieiiiiiriieeeeeee s 107

5831 INIrOGUCTION .....ciuieiieieeeieste sttt nne e 107

5.8.3.2  Evauation of Externd Stability Using Limit Equilibrium............ccccooiinnne 108

S.O TIEDOWN DESIGN ...ttt sne s sne e smn e nne e nneenneas 109

5.9.1  INOUUCHON......cceeieiiitieeeeeste et e e r e r e 109

5.9.2 Uplift Capacity of ROCK TIEAOWN ANCNOIS.......coueiiriiiieiesiesie et 109

5.9.3 Uplift Capacity of Soil TIEOWN ANCNOIS.......cuiiieieeiisiesieeie e 110

5.9.4 Dedgn of Tiedown Anchorsto Resist Hydrogtatic Uplift..........ccooeeivieeiicicicciees 112

5.10 SEISMIC DESIGN ..ot s ne e sneennees 113

o300 80 R g 0o 071 USRS TP 113

5.10.2 Internd Stability UsSing Pseudo-Static Theo Y .......cceevvvieeiieieeeeeeeee e 113

5.10.2.1 Laterd Earth PreSSUre......occooviiiiiieeeee et s 113

5.10.2.2 Wal Desgn CONSAEralionS.........ccveuereerirrieesieenieseesseesseseesseesseseesseessesseens 116

5.10.2.3  LIQUEFBCHION. .. .ccueiuieueetiiisie sttt st nen e nn e e nnenae s 117

ST RIS 102 ST o111\ 2 oo RO 117

5.10.3.1 PSeudo-SaiC ANAYSIS.....ccueieeiieieceestiee ettt 117

5.10.3.2 SAIMIC DeFOrmMation ANEYSS......ccuveeeiueeiieiieseeresee st ese e ae e 118

5.11 OTHER DESIGN [SSUES........oo ettt sttt st 119

5.11.1 Wal and Ground MOVEMENES..........cooueiiririinesieeeee e 119

5.11.2 Drainage Systemsfor Anchored Wallsand SIOpes........ccoveveveevieciieceese e 120

Vii



TABLE OF CONTENTS (Continued)

5.11.3 Wal SyStem APPUITENANCES. ......c.ceieeieiiesieeiesieesieesieseesteseesaeessessesseessesseessesssesneens 121
5.11.4 Resiging the Upper Anchor TeSt Load ........ccovveeieeiieiieciece e 122
5.11.5 Anchored Wallsfor Fill ApplICAIONS...........cceiirieriee e 122
CHAPTER 6 CORROSION CONSIDERATIONSIN DESIGN .....cccoiiiiiiieieeieeee e 124
6.1 INTRODUCTION ...ttt ettt b e sae e se e sseesaeeesseesneesneesnneans 124
6.2 CORROSION AND EFFECTS ON GROUND ANCHORS.........ccooiiiiieieeieereeeeee 124
6.2.1 Mechanism of Mealic COMOSION.........cccuvireeiriirieeeeseee e 124
6.2.2 Typesof Corroson for Prestressing SEEE ........ooeveeiiieeeeeee s 124
6.3 CORROSION PROTECTION OF GROUND ANCHORS.........ccoiiirieieeeeeeeiee 126
6.3.1 Requirements of Corrasion Protection SYySIEMIS........ccvceeveeieveeseccie e 126
6.3.2 Dedgnaf CorroSon ProteCtion SYSEMS.......cceeeeveeieseesieeieseeseeeeeseessesaesseesseeeens 126
A0 R €1 1 1= - P 126
6.3.2.2  ANCNOIage ProtECHION......ccviieiiieeieeie sttt 131
6.3.2.3  Unbonded Tendon Length Protection............cccceeveeeveeiieceeseecie e 132
6.3.24  Tendon Bond Length PrOtECtioN..........cccecveieereeriesiesieeie e 132
6.3.25  Protection AgainNSt Stray CUITENTS........ccceiveriererienieriesieeeeeeee e 132

6.3.2.6  Corroson Protection of Anchors for Structures Subject to Hydrostetic
UL oo s e s ee e st seeeseees s es e eesenes e sesene 133
6.4 SELECTION OF CORROSION PROTECTION LEVEL .....oooioiiiieeeeeeeeeeeeeeeee 133
B.4. 1 GENEIE. ..ottt bbbttt n b e as 133
6.4.2 ServiceLifeof the ANChOred SITUCIUNE.........ccoviiiiiieeecee s 133
6.4.3 Aggressvity of the Ground ENVIFONMENL...........cccueiieieiieese e eee e 133
6.4.4 Consequencesof Failure of the Anchored SyStem.........cccoveceveeveece e 135
6.4.5 Costfor aHigher Leve Of ProteCtioN.........c.cooirerereiiierieresie s 135
6.5 CORROSON OF STRUCTURAL STEEL, CEMENT GROUT, AND CONCRETE.135
6.5.1 Corrosion and Protection of Stedl Soldier Beamsand Sheet Files.........ccocooeiienineee. 135
6.5.2 Degradation and Protection of Cement Grout and CONnCrete...........cccvevvevveceveeseeenns 136

viii



TABLE OF CONTENTS (Continued)

CHAPTER7 LOAD TESTING AND TRANSFER OF LOAD TO THE ANCHORED

SYSTEM et e r e n e ne e nnne e 137

7.1 INTRODUGCTION. ...t sse e n e neesneesneesneesneennneens 137
7.2 CONCEPTSFOR MONITORING ANCHOR BOND ZONE CAPACITY ...cccovverrinnne 137
7.3 TESTING AND STRESSING EQUIPMENT ...t 139
A R €= 0 - PR 139
7.3.2 Equipment Used in LOad TERNG ......eeiveeeeieeie e sieeie e ste e see e see e sae e sneense e 140
7.3.21  Hydraulic Jack and PUMP.......ooiiiiiiieeeeere e 140

7.3.22  SESTING ANCNOTAOE. .. .cveeneeeieesieeieeieestee e siee e ste st e sbeete st e steete e e sreeneeseeees 141

7323 Pressure Gaugesand Load CellS.........ccooovieeiicieiiesicce e 142

7.3.24  Did Gaugeto Measure MOVEMENTL .........ccvveereereeeieseeieseeseesee e sse e e 142

SIS TN - o |Q O o | SRR 142

7.4 ANCHOR LOAD TESTING....co ittt n e sne e sane e 142
A S R [ 0 10 o 1o (o o D TSSOSO 142
742 PefOrmManCe TESES .....c.eiceriieieeeese et r e n e 143
TA2L  GENEMEA. ..ot 143

7.42.2  Proceduresfor PerformanCe TES ........ccuvviieieriie e 143

7.4.2.3  Recording of Performance Test Data...........cccceevueeeesiecie e 145

7424  Andyssof Paformance TES Daa.........cccceeeveeveeiesicie e 146

A T o (070 B === TSRS 147
743.1 (€T 41 - SRR 147

7.4.3.2  Proof Test Procedures and Recording and Analysis of Proof Test Data.......... 147

7.4.4 Extended CregD TEING.....ccoveiereereeieeeeseesieseeseesseseesseeeesseesseesesseessesssessesssessnns 148
7441 (€T 41 - R 148

7.4.4.2  Proceduresfor Extended Cregp TeS... ..o vivierienienee e 148

7.4.4.3  Recording and Analyss of Extended Creep Test Data..........ccceccveeeecieeineenenne 149

745  ACCEPANCE CritENTA .. .ccuieeesieesieeeesieeseeee st e e eee e et e s e re e sreesreeee s e e nseeseesreenseennens 150
7451 (€T 41 - R 150

A S A O (= = o TR OPR PR 150

7453  Apparent Free Length..........cccoovoiiiicicceee e 150



TABLE OF CONTENTS (Continued)

7454  Ground Anchor Acceptance DeCISON TIEL.......ccovieerveeiiereeneeie e 152

7455  Modification of Design or Ingalation Procedures............cccceveevieceecveeivesnnene, 154

7.5 ANCHOR LOCK-OFF LOAD .....ooiiiiiieie e snne e 154
7.6 LIFT-OFF TESTING ..ottt sttt st st sttt sae e s ne e nneesnne e 155
CHAPTER 8 CONTRACTING APPROACHES. ........co et 156
. L INTRODUGCTION ......ceiiitieiiieiee ettt sttt sre s be e s s e e sse e saseesneesnseeaseesareesneesnneenneas 156
8.2 METHOD CONTRACTING APPROACH. ...t 157
8. 2.1 INrOOUCTION ...ttt ettt b et n et nn b e ens 157
8.2.2 Contract Documents for Method APProach...........ccecveeereeieneeseeesee e 158

8.3 PERFORMANCE CONTRACTING APPROACH ......ooiiieceeee et 159
8.3. 1 INIrOUUCHION ...ttt n e 159
8.3.2 Implementing Performance Contracting APProaCh.........c..ceeeerererereeieeneesee s 159
8.3.21  PrebidWal DeSIgN......ccoiiiiiieeceee e e 159

8.3.22  Pre-bid Typica SeCion DESIGN.......cceeivieiiciecieete et 160

8.3.2.3 POS-DId Wall DESIGN ..o e 160

8.3.3 Contract Documents for Performance APProaChL..........ccccoevererereseeieeneese e 161
8.3.4 Review and APPIOVAL........ociiiiiieieee ettt 162

8.4 CONTRACTOR DESIGN/BUILD APPROACH........cooiieienese st 163
8.5 RECOMMENDATIONS.......ooie it n e nneas 163

CHAPTER9 CONSTRUCTION INSPECTION AND PERFORMANCE

MONITORING ... e ae e e e n e e 164

Q.1 INTRODUGCTION ...ttt sttt se e sse e ne e s nn e e sse e saneesneesnneenneas 164
9.2 INSPECTION ROLESUNDER CERTAIN CONTRACT APPROACHES................... 164
9.3 PRE-PROJECT PREPARATION ...ttt s 165
9.4 INSPECTION OF CONSTRUCTION MATERIALS ...t 165
.41 INErOUUCHION ...ttt e et b e bt r e b nn e 165
9.4.2 Ingpection of Wall MaErTaS..........ccceeiiieeiiee et 166
9.4.3 Ingpection of Ground ANChOr MEaETEAS ........ccvreririeierieree s 166
9.4.4 Sorage and Handling of Congtruction Materials..........ooeereriienernieeiiseesie e 167

X



TABLE OF CONTENTS (Continued)

9.5 INSPECTION OF CONSTRUCTION ACTIVITIES......o e 167
9.5.1 SUface-Water COMMIOL.........cceieeierieieieie et 167
9.5.2 Veticd Wal Element INFal@ion............cccoverireniriiienesesie e 168

9521  DrilledHin SOdier BEAMS.........cciiiiirieeeieiese st 168
0522  Driven SOIIEr BEAMS.......ccoiiiiiiieeieee e 168
0523  SHEE-PUIES...ceeceeeeee e e 169
O.5.3  EXCAVAION. ....covieeeeiiieeeesie sttt s n et n e n e 169
9.5.4  ANCNOr CONSITUCTION.......eiverteriieieeieeee ettt et sn b e s 169
0541  INrOQUCHION .....euieieeieteieete sttt nnenne s 169
9542  ANChOr HOIEDIIIING. ..ot 170
9.54.3  TendoN INSEION. .....ccvieeeiirieeeere e 170
9544  ANCNON GIOULING ....ccuveueeeiieriestiriesieeeee et sb ettt sbesresnenaeas 171
9545  ANnchorage INSAlation...........coveeiiriinieiie e 172
9.5.,5 Ancillary Wall Element INSallation............ccceerirerieieiinirneeeenss e 173
9551  Timber Lagging INFalaion..........ccceecueieeieiesiese e 173
9552  Wal Drainage Sysem INSalation...........cccooererenirenineeeeeeesese e 173
9553  HOMZONE DIEINS .......ocviiiiiiiiisiirie et 173
9554  Permanent Facing INSalation...........ccocveviiieeiieiicie e 174

9.6 SHORT-TERM AND LONG-TERM MONITORING........ccooiiiriiiereeee e 174
9.6.1 Monitoring of ANChOr LOBO TESS.......coiviiiiriiriesieeeeeee et 174
9.6.2 Short-Term Monitoring of Wall Performance...........occoeeeieeiiieineniiseeseee e 175
9.6.3  LONG-TEM MONIONNG......cccueeieeieeiieeiieeiesteeste e sreesseeeesseesesseesseesesseessessnesseesseennens 176

REFERENCES
BIBLIOGRAPHY



APPENDI X

APPENDIX A
APPENDIX B
APPENDIX C
APPENDIX D
APPENDIX E
APPENDIX F

TABLE OF CONTENTS (Continued)

Desgn Examples

Development of Wang - Reese Equations

Example Cdculation of Bending Moment for Wall in Week Cohesive Soil
Predesign Load Testing Procedures to Eva uate Ultimate Ground Anchor Load
Specification for Ground Anchors

Specifications for Anchored Sheet-pile or Soldier Beam and Lagging Wall

Xii



10

11
12

13

14

15

16

LIST OF TABLES

Page
Soil density/consistency description based on SPT blowcount values (after AASHTO,
L9BB) ..o eeeeeeeeee e ee e ee ettt e e ee e e ees e e s s e ee e seree 24
Summary of common iN Situ teSES fOr SOIIS......c.viiiirieeeesee e 25
Typical factors influencing bond stress transfer for small diameter ground anchors........ 30

Typical design steps for an anchored wall (modified after FHWA-RD-81-150, 1982) ....47

Summary of trapezoidal apparent pressure envelopes for temporary excavations in stiff to

= 0 = S 53
Presumptive ultimate values of load transfer for preliminary design of small diameter
straight shaft gravity-grouted ground anchors in SOil..........cccoovieveniieniciceeee e 71
Presumptive average ultimate bond stress for ground/grout interface along anchor bond
p40) 0 =N L= G I TR G RS 73
Presumptive ultimate values of load transfer for preliminary design of ground anchors in
00 S 74
Properties of prestressing steel bars (ASTM AT22).....cc.oceeeieeieceeseeee e 77
Properties of 15-mm diameter prestressing steel strands (ASTM A 416, Grade 270
(MELFIC 1860)).....eeueerereerterteeeeeieee ettt be et e e et et e sb e bt sbeese e st e e e s e s e nbeseenbeneeens 78
Guidance relationship between tendon size and trumpet opening Size........cccccvevveveeeeenee. 78

Recommended thickness of temporary timber lagging (after FHWA-RD-75-130, 1976) 82

Maximum design bending moments for wales and permanent facing (after AASHTO,

S ) S 83
Recommended factors of safety for axial capacity

of driven and drilled-in soldier DEAMS..........ccooiriiere s 90
Bearing capacity factors for evaluation of end bearing in drilled shaftsin clays.............. 95

Procedure to evauate total latera earth load using dope stability computer
01000 (r= 1 01 T RSP 98

Xiii



17

18

19

20
21
22
23

Procedure to evaluate total lateral earth load for anchored systems constructed in weak
[00] 0155 Yo | TSRS 101

Values of Kgrgg in cohesionless soil using various methods to evaluate earth

gL < ic) OO 111
Corrosion protection requirements (modified after PTI, 1996) .........cccccoceeverceeneeiiesnnne 131
Steps for the performManCe tESL..........oo e 144
Test procedure for ground anchor Proof TESE..........eieeeeieriererere e 147

Load schedule and observation periods for extended creep test for permanent

Xiv



Figure

10
11
12
13
14
15
16
17
18

19

20

LIST OF FIGURES

Page
Components Of @ groUNd GNCNOT ........ccuiiieieiie e e e sae e 4
Anchorage components for abar tendon.............ccceveeiiecesiere e 5
Anchorage components for a strand tendon............coeereeeieene e 6
Main types of grouted ground anchors (modified after Littlgjohn, 1990)........cccccvvveveeceenieenee. 7
Cut away VIEW Of Dar tENAON.........coiiiie e e 9
Cut away View Of Srand teNdON...........c.eceeiiee e 10
Congtruction sequence for permanent soldier beam and lagging wall ..., 12
Comparison of concrete gravity wall and anchored wall for a depressed roadway.................. 16
Applications of ground anchors and anchored SYSIEMS ..........covieiirienieeneeeeee e 18
Geotechnica boring layout for permanent anchored Wall............ccccoevvecvieenecce e, 20
Potentid failure conditions to be consdered in design of anchored walls............ccccoceveeienne 27
Contribution of ground anchorsto wall Sability .........cccecevieievie s 28

Simplified drained stress-displacement relationship for atiff clay (modified after CIRIA, 1984) 35

Mohbilization of Rankine active and passive horizontal pressures for a smooth retaining wal ....37

Limiting active and passve horizontal PrESSUMES.........c.oveererieneeseeie e 37
Active and passve earth pressure coefficients (effect of wal inclination) ..........cccceccvvievennnns 39
Active and passve earth pressure coefficients (effect of backdopeinclination) ...................... 40
Cross section of model wall (modified after FHWA-RD-98-067, 1998) .........cccccvevveverveenen. 42

Laterd wal movements and earth pressures with excavation a first anchor level (cantilever
stage) (modified after FHWA-RD-98-067, 1998) .........ccccererirereerinierenesieseseseseeneseseenens 42

Latera wal movements and earth pressures during anchor stressing (modified after FHWA-
RD-98-067, 1998) ......coireeueriirieirresieneeesiessesesesseseesessesaeessessessesessessenessessessesessessensesessensens 43



Figure

21

22

23
24
25
26
27
28
29
30
31
32

33

35
36
37
38
39
40
41

42

LIST OF FIGURES (Continued)

Page
Latera wal movements and earth pressures with excavation at lower anchor level (modified
after FHWA-RD-98-067, 1998) ........cccoiiiiiniieiie e sieeie et st ses et sne e 44
Latera wal movements and earth pressures with excavation a design grade (modified after
FHWA-RD-98-067, 1998) .......ceeitiriierieerieeiesieesiesniesieesieseesseesieseesseesseseesseessessssssesssesnenns 45
Terzaghi and Peck apparent pressure envelopes (after Terzaghi and Peck, 1967) .................. 50
Recommended apparent earth pressure diagram for SandS.........ooceeveveevenieneenese e 51
Measured anchor loads for seven projects (after Ulrich, 1989)........cccccceveevvvieevecceveeseene 54
Wall pressure envelopes (after Winter, 1990) ......ovoveerieerienieenienie e siee e ee e s 55
Recommended apparent earth pressure envelope for siff to hard clays.........cccceeveeeveecieenn, 56
Henkd’smechanism oOf Dase falure ... 58
Vaues of K, based on Terzaghi and Peck envelope and Henkdl's method.............ccccveeeee. 59
Force equilibrium method for anchored walls (after FHWA-RD-98-065, 1998).................... 61
Flow net for aretaining wal (after CIRIA, 1984) ........ccvoiieieeierece e 62
Gross and net water pressures across aretaining wal (modified after CIRIA, 1984)............... 63
Cdlculation of anchor loads for one-level Wall..............cooooiiiiicinic e 66
Cdculation of anchor loads for multi-level Wall ... 67
Types Of COMPrESIION ANCNOIS......c.uiiieieieieeeeseeee et e steete e sre e e s e sreeaesreesseeaesseesseeneenneenes 69
Mobilization of bond stressfor atenson anChor ..o 72
Verticd and horizontal spacing requirements for ground anchors..........ceceeeveeseeceseeseenens 76
Cdculation of wal bending moments using hinge method...........ccoveiiiieinie s, 79
Cdculation of wal bending moments using tributary areamethod............ccceeeveevecce e, 80
Relationship between laterd earth pressure, wal deflection, and depth of wal embedment .....85
Broms method for evauating ultimate passSVe reSSaNCe. ........ccververereeseeie e e e e 86
Comparison of Broms and Wang-Reese method for wal insand...........ccooceeiiiiicieceeen, 88



Figure

43

45

46

47

48

49
50
51
52

53

55

56

57
58
59
60
61

62

LIST OF FIGURES (Continued)

Page
Comparison of Broms and Wang-Reese method for wall inclay.........ccceveevevcevecieceecicenee, 88
Chat for edimating b coefficent versus soil type fricion angle (after Fdlenius,
LS 1 PSS 91
Chat for edimating N; coefficdents versus soil type friction angle (after Fdlenius,
LS 1 PSS 92
Adhesion vauesfor pilesin cohesive soils (after Tomlinson, 1980) ......covveevrieneniieseenienens 93

Modeling the ground anchor force in limit equilibrium anaysis (after FHWA-RD-97-130, 1998)

............................................................................................................................................ 99
Limit equilibrium andyses used to evduate totd laterd earth load for anchored systems
constructed in wesk cohesive soils analysis (after FHWA-RD-97-130, 1998)..........cccceuee. 100
Tota passive force for example wall in coheSoNlEsS SOl ........ocvveveeieciecece e, 102

Comparison of limit equilibrium methods for cohesive soils (after FHWA-RD-98-065, 1998)104

Anayss of basd dahility (modified after Terzaghi et a., 1996)........cccceevvevvvceveereeeseene, 106
Fallure surfaces for externd stability evauationS ............ccooeeveiii e 108
Inverted cone mechanisms for overdl rock mass Sability. ........ccoooeeveeceneevncce e, 110
Stability of structure subjected to hydrostatic Uplift ........cc.oovereeiiii e 112
Forces behind agravity Wall ...........cooi i e 115
Effect of saismic coefficients and friction angle on saiamic active pressure coefficient (after Lam
ANA MATIN, 1986).....ccueeeiiirieriisiirieeee ettt ettt bbbttt e e b nreens 116
Varidion of fallure surface inclination with horizontal accderation coefficient ... 118
Permanent seismic deformation chart (after Hynes and Franklin, 1984)...........cccccevveiieenee. 119
Settlement profile behind braced and anchored Walls............cocoieriiiiniiine e 120
Examples of corrosion protection for anchorages.........cccvvveveece e 128
Examples of corrosion protection classes | and |1 for strand tendons...........cccccveveeiiecnennee, 129
Examples of corrosion protection classes | and 11 for bar tendons...........cccvveeveceivcciecnee, 130



Figure

63

65
66
67
68
69
70
71
72
73
A-1
A-2
A-3
A-4
A-5
A-6
A-7
A-8
A-9
A-10
B-1
B-2

B-3

LIST OF FIGURES (Continued)

Page
Decision tree for sdection of corrosion protection level (modified after PTI, 1996) .............. 134
Skin friction versus strain diagrams for ground anChors............eeveeeneereneneesee e 137
Stress propagation in bond length of ground anchor...........cceeveveeceieececeeee e 138
Evauation of CritiCal CregD teNTON.........coeiiiiiee e e 139
Typica equipment for load testing of strand ground anChor...........cccvveeececce e, 140
Typicad equipment for load testing of bar ground anchor ............oooeevereninie e, 141
Plotting of performance test data (after PT1, 1996)........cccoveveeiieseene e 145
Plotting of dastic and resdua movement for a performance test (after PTI, 1996) ............... 146
Plotting of proof test data (after PTI, 1996) .......cceceeiveieiiere et ecee e 148
Plotting of extended creep test data (after PTI, 1996) ........cooceeiiieieniiinieneeesee e 149
Ground anchor acceptance decision tree (after PT1, 1996).......cccccceveeverieevecneseese e 153
Subsurface siratigraphy and design CrosS SECHON........ceeveeieriieneeee e s A-2
Apparent earth pressure diagram and surcharge pressure diagram.........ccceeceeeeeiecceeseenene A-4
Location of unbonded and bond lengths for ground anchors............ccoveeveneneenence e A-8
Embedment depth calculations (Wang-Reese method) ........ccvveeeeeeiece v A-12
Subsurface stratigraphy and design CrosS SECHON. .........ceverieneerie e e A-18
Secant resdud friction angle (after Stark and Eid, 1994) ......coooveeeveevececeee e A-20
Sope gability andyss of exising Ste CONAIIONS..........cevireiniere e A-22
Apparent earth Pressure diagraiM.........coceeeeceeee e se et e e e naeeneennes A-23
(@ [0 7= 1[0/ g ol FTEN="a o [ 1Y, A-25
Location of unbonded and bond lengths for ground anchors...........ccceeeveeveecececce e A-27
Passive wedge fallure for asoldier beam in sand (after Reese, . d., 1974)........c.occevveenne B-2
Intersecting failure wedges for soldier beams in sand (after Wang and Reese, 1986) ............ B-3
Plastic flow around a soldier beam toe (after Wang and Reese, 1986) .........cceevveeeneeriennenne B-4



Fiqure
B-4
B-5
D-1

D-2

LIST OF FIGURES (Continued)

Page
Passve wedge falure for asoldier beam in clay (after Reese, 1958) .........cccoveeveeeenieeviennnnne B-6
Failure wedges for soldier beamsin clay (after Wang and Reese, 1986) .......ccccoveeveriennenne B-7
Determination oOf Critical Cregp teNSION..........cccueeieieee e D-2
Extrapolation of cregp curves for determining working tension...........ooeeveeeeneenieseesieeenne D-4

XiX



CHAPTER 1

INTRODUCTION

1.1 PURPOSE

The purpose of this document is to provide state-of-the-practice information on ground anchors and
anchored systems for highway applications. Ground anchors discussed in this document are cement
grouted, prestressed tendons that are installed in soil or rock. Anchored systems discussed include
flexible anchored walls, slopes supported using ground anchors, slope and landslide stabilization
systems, and structures that incorporate tiedown anchors. The intended audience includes
geotechnical, structural, and highway design and construction specialists involved with the design,
construction, contracting, and inspection of these systems.

Ground anchors and anchored systems have become increasingly more cost-effective through
improvements in design methods, construction techniques, anchor component materials, and on-site
acceptance testing. This has resulted in an increase in the use of both temporary and permanent
anchors. The reader should recognize that, as a result of the evolving nature of anchoring practice,
the information presented herein is not intended to be prescriptive. Design, construction, and load
testing methods are described that are currently used in U.S. practice.

1.2 ANCHORED SYSTEM SERVICE LIFE

The focus of this document is on design methods and procedures for permanent ground anchors and
anchored systems. Permanent anchored systems are generally considered to have a service life of 75
to 100 years. However, anchored systems are also commonly used for temporary applications. The
service life of temporary earth support systems is based on the time required to support the ground
while the permanent systems are installed. This document has adopted the American Association of
State Highway and Transportation Officials (AASHTO) guidance which considers temporary
systems to be those that are removed or become inoperative upon completion of the permanent
systems. The time period for temporary systems is commonly stated to be 18 to 36 months but may
be shorter or longer based on actual project conditions.

Furthermore this document has subdivided temporary systems into “support of excavation” (SOE)
temporary systems and “critical” temporary systems. In general the owner will determine which
temporary systems are to be designated as critical. Often that decision is based on the owner’s need
to restrict lateral movement of the support system to minimize ground movements behind the support
system. In this document, it is recommended that critical temporary systems be designed to the same
criteria used for permanent anchored systems. Conversely, SOE anchored systems are commonly
designed to less restrictive criteria than permanent anchored systems. The owner commonly assigns
the responsibility for design and performance of SOE anchored systems to the contractor. The
design of these SOE anchored systems is often based more on system stability than on minimizing
ground movements.



In this document, the basic design recommendations pertain to both permanent anchored systems and
critical temporary systems. In this document, the term “permanent anchored systems” or “permanent
applications” include critical temporary systems. Whenever appropriate in this document, discussion
is provided concerning the differences in design requirements for SOE systems and permanent
systems. The following components of an anchored system design are generally less restrictive for
temporary SOE systems as compared to permanent systems: (1) selection of timber lagging; (2)
allowable stresses in structural components; (3) factors of safety; (4) design for axial load; (5)
surcharge loads used to evaluate wall loadings; (6) seismic design criteria; and (7) anchor load
testing.

1.3 BACKGROUND

The first use of ground anchors in the U.S. was for temporary support of excavation systems. These
systems were typically designed and constructed by specialty contractors. The use of permanent
ground anchors for public sector projects in the U.S. did not become common until the late 1970s
and today, represent a common technique for earth retention and slope stabilization for highway
applications. In certain design and construction conditions, anchored systems offer several
advantages over more conventional systems that have resulted in economic and technical benefits.
For example, benefits of anchored walls over concrete gravity retaining walls for support of a
highway cut include:

» unobstructed workspace for excavations;

» ability to withstand relatively large horizontal wall pressures without requiring a significant
increase in wall cross section;

» elimination of the need to provide temporary excavation support since an anchored wall can
be incorporated into the permanent structure;

« elimination of need for select backfill;
» elimination of need for deep foundation support;

e reduced construction time; and

reduced right-of-way (ROW) acquisition.

In 1979, the U.S. Department of Transportation Federal Highway Administration (FHWA) Office of
Technology Applications authorized a permanent ground anchor demonstration project. The
objective of the project was to provide highway agencies with adequate information to promote
routine use of permanent ground anchors and anchored walls. The purpose of the demonstration
project was to: (1) study existing ground anchor technology and installation procedures; (2)
determine areas where additional work was required; (3) update existing technology; (4) develop a
basic design manual; and (5) solicit installations on highway projects. Between 1979 and 1982, two
FHWA research reports were completed (“Permanent Ground Anchors” FHWA Report Nos.
FHWA-RD- 81-150, 151, and 152 and “Tiebacks” FHWA Report No. FHWA-RD-82-047) and pilot
test projects were begun by highway agencies. A design manual was developed by FHWA in 1984,
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which was updated in 1988 (FHWA-DP-68-1R, 1988), as part of the demonstration project. During
the demonstration project, five U.S. highway projects with permanent anchored systems were
instrumented and performance data were gathered (see FHWA-DP-90-068-003, 1990). Today,
ground anchors and anchored systems have become an integral component of highway design in the
u.S.

This document has been written, in part, to update the FHWA (1988) design manual titled
"Permanent Ground Anchors”. That document provides an introduction to basic ground anchor
concepts and provides the practicing highway engineer with sufficient information to contract for
permanent ground anchors and anchored systems. This document draws extensively from FHWA
(1988) in describing issues such as subsurface investigation and laboratory testing, basic anchoring
principles, ground anchor load testing, and inspection of construction materials and methods used for
anchored systems. Since 1988, advances have been made in design methods resulting from anchored
system performance data and from new construction materials, methods, and equipment.

Results of research activities conducted since 1989 are also included in this document. Most
recently, research was conducted under a FHWA research contract on the design and performance of
ground anchors and anchored soldier beam and timber lagging walls. As part of that research
project, performance data on two full-scale anchored walls and four large-scale model anchored
walls were collected and analyzed. The settlement, axial load, and downdrag force on soldier beams,
and lateral wall movements of the wall systems were evaluated (see FHWA-RD-98-066, 1998 and
FHWA-RD-98-067, 1998). Several of the analysis methods and design procedures that were
recommended based on the results of the research (see FHWA-RD-97-130, 1998) are adopted herein.

Procedures used for ground anchor acceptance testing have also been improved since FHWA (1988)
was published. The AASHTO Task Force 27 report "In-Situ Soil Improvement Techniques” (1990)
included both a generic construction specification for permanent ground anchors and a ground
anchor inspection manual. Those documents form the basis for the construction standards developed
by many highway agencies. The Post-Tensioning Institute (PTI) document titled “Recommendations
for Prestressed Rock and Soil Anchors™ (PTI, 1996) is a document commonly referenced that was
developed collectively by owners, design consultants, specialty contractors, and material suppliers.
AASHTO Task Force 27 (1990) and PTI (1996) were used as the basis for the chapters of this
document on ground anchor acceptance testing and ground anchor corrosion protection. Information
from those documents was also used to develop the generic ground anchor specification provided in
appendix E.



CHAPTER 2

GROUND ANCHORS AND ANCHORED SYSTEMS

2.1 INTRODUCTION

The previously referenced AASHTO Task Force 27 (1990) and PTI (1996) documents introduced
standardized terminology and definitions of ground anchor components. The terminology presented
in those documents is adopted and used throughout this document. Ground anchor materials,
anchored system construction, and anchored system applications are presented in this chapter.

2.2 GROUND ANCHORS
2.21 General

A prestressed grouted ground anchor is a structural element installed in soil or rock that is used to
transmit an applied tensile load into the ground. Grouted ground anchors, referenced simply as
ground anchors, are installed in grout filled drill holes. Grouted ground anchors are also referred to
as “tiebacks”. The basic components of a grouted ground anchor include the: (1) anchorage; (2) free
stressing (unbonded) length; and (3) bond length. These and other components of a ground anchor
are shown schematically in figure 1. The anchorage is the combined system of anchor head, bearing
plate, and trumpet that is capable of transmitting the prestressing force from the prestressing

Anchor Head
Bearing Plate

Unbonded Tendon

N
S

Bonded Tendon

Anchor Grout

Figure 1. Components of a ground anchor.



steel (bar or strand) to the ground surface or the supported structure. Anchorage components for a
bar tendon and a strand tendon are shown in figure 2 and figure 3, respectively. The unbonded
length is that portion of the prestressing steel that is free to elongate elastically and transfer the
resisting force from the bond length to the structure. A bondbreaker is a smooth plastic sleeve that is
placed over the tendon in the unbonded length to prevent the prestressing steel from bonding to the
surrounding grout. It enables the prestressing steel in the unbonded length to elongate without
obstruction during testing and stressing and leaves the prestressing steel unbonded after lock-off.
The tendon bond length is that length of the prestressing steel that is bonded to the grout and is
capable of transmitting the applied tensile load into the ground. The anchor bond length should be
located behind the critical failure surface.

A portion of the complete ground anchor assembly is referred to as the tendon. The tendon includes
the prestressing steel element (strands or bars), corrosion protection, sheaths (also referred to as
sheathings), centralizers, and spacers, but specifically excludes the grout. The definition of a tendon,
as described in PTI (1996), also includes the anchorage; however, it is assumed herein that the
tendon does not include the anchorage. The sheath is a smooth or corrugated pipe or tube that
protects the prestressing steel in the unbonded length from corrosion. Centralizers position the
tendon in the drill hole such that the specified minimum grout cover is achieved around the tendon.
For multiple element tendons, spacers are used to separate the strands or bars of the tendons so that
each element is adequately bonded to the anchor grout. The grout is a Portland cement based
mixture that provides load transfer from the tendon to the ground and provides corrosion protection
for the tendon.

ANCHOR
NUT

BAR

Figure 2. Anchorage components for a bar tendon.



Figure 3. Anchorage components for a strand tendon.

2.2.2  Types of Ground Anchors
2.2.2.1 General

There are three main ground anchor types that are currently used in U.S. practice: (1) straight shaft
gravity-grouted ground anchors (Type A); (2) straight shaft pressure-grouted ground anchors (Type
B); and (3) post-grouted ground anchors (Type C). Although not commonly used today in U.S.
practice, another type of anchor is the underreamed anchor (Type D). These ground anchor types are
illustrated schematically in figure 4 and are briefly described in the following sections.

Drilling methods for each of the three main soil and rock ground anchors include rotary, percussion,
rotary/percussive, or auger drilling. Detailed information on these drilling techniques may be found
in Bruce (1989). The procedures and methods used to drill holes for ground anchors are usually
selected by the contractor. The choice of a particular drilling method must also consider the overall
site conditions and it is for this reason that the engineer may place limitations on the drilling method.

The drilling method must not adversely affect the integrity of structures near the ground anchor
locations or on the ground surface. With respect to drilling, excessive ground loss into the drill hole
and ground surface heave are the primary causes of damage to these structures. For example, the use
of large diameter hollow stem augered anchors should be discouraged in sands and gravels since the
auger will tend to remove larger quantities of soil from the drill hole as compared to the net volume
of the auger. This may result in loss of support of the drill hole. In unstable soil or rock, drill casing
is used. Water or air is used to flush the drill cuttings out of the cased hole. Caution should be
exercised when using air flushing to clean the hole. Excess air pressures may result in unwanted
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removal of groundwater and fines from the drill hole leading to potential hole collapse or these
excess pressures may result in ground heave.

Type A: Straight shaft gravity-grouted

Type B: Straight shaft pressure-grouted

Type C: Post-grouted

Type D: Underreamed

Figure 4. Main types of grouted ground anchors (modified after Littlejohn, 1990, “Ground
Anchorage Practice”, Design and Performance of Earth Retaining Structures, Geotechnical Special
Publication No. 25, Reprinted by permission of ASCE).

2.2.2.2 Straight Shaft Gravity-Grouted Ground Anchors

Straight shaft gravity-grouted ground anchors are typically installed in rock and very stiff to hard
cohesive soil deposits using either rotary drilling or hollow-stem auger methods. Tremie (gravity
displacement) methods are used to grout the anchor in a straight shaft borehole. The borehole may
be cased or uncased depending on the stability of the borehole. Anchor resistance to pullout of the
grouted anchor depends on the shear resistance that is mobilized at the grout/ground interface.



2.2.2.3 Straight Shaft Pressure-Grouted Ground Anchors

Straight shaft pressure-grouted ground anchors are most suitable for coarse granular soils and weak
fissured rock. This anchor type is also used in fine grained cohesionless soils. With this type of
anchor, grout is injected into the bond zone under pressures greater than 0.35 MPa. The borehole is
typically drilled using a hollow stem auger or using rotary techniques with drill casings. As the
auger or casing is withdrawn, the grout is injected into the hole under pressure until the entire anchor
bond length is grouted. This grouting procedure increases resistance to pullout relative to tremie
grouting methods by: (1) increasing the normal stress (i.e., confining pressure) on the grout bulb
resulting from compaction of the surrounding material locally around the grout bulb; and (2)
increasing the effective diameter of the grout bulb.

2.2.2.4 Post-grouted Ground Anchors

Post-grouted ground anchors use delayed multiple grout injections to enlarge the grout body of
straight shafted gravity grouted ground anchors. Each injection is separated by one or two days.
Postgrouting is accomplished through a sealed grout tube installed with the tendon. The tube is
equipped with check valves in the bond zone. The check valves allow additional grout to be injected
under high pressure into the initial grout which has set. The high pressure grout fractures the initial
grout and wedges it outward into the soil enlarging the grout body. Two fundamental types of post-
grouted anchors are used. One system uses a packer to isolate each valve. The other system pumps
the grout down the post-grout tube without controlling which valves are opened.

2.2.2.5 Underreamed Anchors

Underreamed anchors consist of tremie grouted boreholes that include a series of enlargement bells
or underreams. This type of anchor may be used in firm to hard cohesive deposits. In addition to
resistance through side shear, as is the principal load transfer mechanism for other anchors,
resistance may also be mobilized through end bearing. Care must be taken to form and clean the
underreams.

2.2.3 Tendon Materials
2.2.3.1 Steel Bar and Strand Tendons

Both bar and strand tendons are commonly used for soil and rock anchors for highway applications
in the U.S. Material specifications for bar and strand tendons are codified in American Society for
Testing and Materials (ASTM) A722 and ASTM A416, respectively. Indented strand is codified in
ASTM A886. Bar tendons are commonly available in 26 mm, 32 mm, 36 mm, 45 mm, and 64 mm
diameters in uncoupled lengths up to approximately 18 m. Anchor design loads up to approximately
2,077 kN can be resisted by a single 64-mm diameter bar tendon. For lengths greater than 18 m and
where space constraints limit bar tendon lengths, couplers may be used to extend the tendon length.
As compared to strand tendons, bars are easier to stress and their load can be adjusted after lock-off.



Strand tendons comprise multiple seven-wire strands. The common strand in U.S. practice is 15 mm
in diameter. Anchors using multiple strands have no practical load or anchor length limitations.
Tendon steels have sufficiently low relaxation properties to minimize long-term anchor load losses.
Couplers are available for individual seven-wire strands but are rarely used since strand tendons can
be manufactured in any length. Strand couplers are not recommended for routine anchor projects as
the diameter of the coupler is much larger than the strand diameter, but strand couplers may be used
to repair damaged tendons. Where couplers are used, corrosion protection of the tendon at the
location of the coupler must be verified.

2.2.3.2 Spacers and Centralizers
Spacer/centralizer units are placed at regular intervals (e.g., typically 3 m) along the anchor bond
zone. For strand tendons, spacers usually provide a minimum interstrand spacing of 6 to 13 mm and

a minimum outer grout cover of 13 mm. Both spacers and centralizers should be made of non-
corrosive materials and be designed to permit free flow of grout. Figure 5 and figure 6 show a cut

away section of a bar and a strand tendon, respectively.
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Figure 5. Cut away view of bar tendon.



2.2.3.3 Epoxy-Coated Bar and Epoxy-Coated Filled Strand

Epoxy-coated bar (AASHTO M284) and epoxy-coated filled strand (supplement to ASTM A882),
while not used extensively for highway applications, are becoming more widely used for dam
tiedown projects. The epoxy coating provides an additional layer of corrosion protection in the
unbonded and bond length as compared to bare prestressing steel.

For epoxy-coated filled strand, in addition to the epoxy around the outside of the strand, the center
wire of the seven-wire strand is coated with epoxy. Unfilled epoxy-coated strand is not
recommended because water may enter the gaps around the center wire and lead to corrosion.
Unlike bare strand, creep deformations of epoxy-coated filled strands themselves are relatively
significant during anchor testing. When evaluating anchor acceptance with respect to creep, the
creep of the epoxy-coated filled strands themselves must be deducted from the total creep
movements to obtain a reliable measurement of the movements in the bond zone. Estimates of
intrinsic creep movements of epoxy-coated filled strand are provided in PTI (1996).

CENTRALIZER

STRAND

SHEATH

SPACER

Figure 6. Cut away view of strand tendon.

2.2.3.4 Other Anchor Types and Tendon Materials

In addition to cement grouted anchors incorporating high strength prestressing steels, alternative
anchor types and tendon materials are used in the U.S. Examples include Grade 60 and Grade 75
grouted steel bars, helical anchors, plate anchors, and mechanical rock anchors. The design and
testing methods described in this document are used for cement grouted anchors that use high
strength prestressing steels. These methods may not be appropriate for use with the alternative
anchor types mentioned above.
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Research on the use of fiber reinforced plastic (FRP) prestressing tendons is currently being
performed (e.g., Schmidt et al., 1994). FRP tendons have high tensile strength, are corrosion
resistant, and are lightweight. These products, however, are not used in current U.S. construction
practice. Other materials such as fiberglass and stainless steel have been used experimentally but
cost and/or construction concerns have restricted widespread use.

2.24 Cement Grout

Anchor grout for soil and rock anchors is typically a neat cement grout (i.e., grout containing no
aggregate) conforming to ASTM C150 although sand-cement grout may also be used for large
diameter drill holes. Pea gravel-sand-cement grout may be used for anchor grout outside the tendon
encapsulation. High speed cement grout mixers are commonly used which can reasonably ensure
uniform mixing between grout and water. A water/cement (w/c) ratio of 0.4 to 0.55 by weight and
Type | cement will normally provide a minimum compressive strength of 21 MPa at the time of
anchor stressing. For some projects, special additives may be required to improve the fluid flow
characteristics of the grout. Admixtures are not typically required for most applications, but
plasticizers may be beneficial for applications in high temperature and for long grout pumping
distances.

2.3 ANCHORED WALLS
2.3.1 General

A common application of ground anchors for highway projects is for the construction of anchored
walls used to stabilize excavations and slopes. These anchored walls consist of nongravity
cantilevered walls with one or more levels of ground anchors. Nongravity cantilevered walls employ
either discrete (e.g., soldier beam) or continuous (e.g., sheet-pile) vertical elements that are either
driven or drilled to depths below the finished excavation grade. For nongravity cantilevered walls,
support is provided through the shear and bending stiffness of the vertical wall elements and passive
resistance from the soil below the finished excavation grade. Anchored wall support relies on these
components as well as lateral resistance provided by the ground anchors to resist horizontal pressures
(e.g., earth, water, seismic, etc.) acting on the wall.

Various construction materials and methods are used for the wall elements of an anchored wall.
Discrete vertical wall elements often consist of steel piles or drilled shafts that are spanned by a
structural facing. Permanent facings are usually cast-in-place (CIP) concrete although timber lagging
or precast concrete panels have been used. Continuous wall elements do not require separate
structural facing and include steel sheet-piles, CIP or precast concrete wall panels constructed in
slurry trenches (i.e., slurry (diaphragm) walls), tangent/secant piles, soil-cement columns, and jet
grouted columns.

11



2.3.2 Soldier Beam and Lagging Wall

2.3.2.1 General

Soldier beam and lagging walls are the most commonly used type of anchored wall system in the
U.S. This wall system uses discrete vertical wall elements spanned by lagging which is typically
timber, but which may also be reinforced shotcrete. These wall systems can be constructed in most
ground types, however, care must be exercised in grounds such as cohesionless soils and soft clays
that may have limited “stand-up” time for lagging installation. These wall systems are also highly
pervious. The construction sequence for a permanent soldier beam and lagging wall is illustrated in

figure 7 and is described below.
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Figure 7. Construction sequence for permanent soldier beam and lagging wall.
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2.3.2.2 Soldier Beam

The initial step of construction for a soldier beam and lagging wall consists of installing the soldier
beams from the ground surface to their final design elevation. Horizontal spacing of the soldier
beams typically varies from 1.5 to 3 m. The soldier beams may be steel beams or drilled shafts,
although drilled shafts are seldom used in combination with timber lagging.

Drilled-in Soldier Beams

Steel beams such as wide flange (WF) sections or double channel sections may be placed in
excavated holes that are subsequently backfilled with concrete. It is recommended that the
excavated hole be backfilled with either structural or lean-mix concrete from the bottom of the hole
to the level of the excavation subgrade. The selection of lean-mix or structural concrete is based on
lateral and vertical capacity requirements of the embedded portion of the wall and is discussed in
chapter 5. From the excavation subgrade to the ground surface, the hole should be backfilled with
lean-mix concrete that is subsequently scraped off during lagging and anchor installation. Structural
concrete is not recommended to be placed in this zone because structural concrete is extremely
difficult to scrape off for lagging installation. Lean-mix concrete typically consists of one 94 Ib bag
of Portland cement per cubic yard of concrete and has a compressive strength that does not typically
exceed approximately 1 MPa. As an alternative to lean-mix concrete backfill, controlled low
strength material (CLSM) or “flowable fill” may be used. This material, in addition to cement,
contains fine aggregate and fly ash. When allowing lean-mix concrete or CLSM for backfilling
soldier beam holes, contract specifications should require a minimum compressive strength of 0.35
MPa. Like lean-mix concrete, CLSM should be weak enough to enable it to be easily removed for
lagging installation.

Ground anchors are installed between the structural steel sections and the distance between the
sections depends upon the type of ground anchor used. Drill hole diameters for the soldier beams
depend upon the structural shape and the diameter of the anchor. Replacement anchors can be
installed between the structural sections at any location along the soldier beam. The ground anchor
to soldier beam connection for drilled-in soldier beams can be installed on the front face of the
structural sections or between the sections. For small diameter ground anchors, the connection may
be prefabricated before the soldier beams are installed. The connections for large-diameter anchors
are made after the anchors have been installed.

Driven Soldier Beams

Steel beams such as HP shapes or steel sheet piles are used for driven soldier beams. Driven soldier
beams must penetrate to the desired final embedment depth without significant damage. Drive shoes
or “points” may be used to improve the ability of the soldier beams to penetrate a hard stratum. High
strength steels also improve the ability of the soldier beams to withstand hard driving. If the soldier
beams cannot penetrate to the desired depth, then the beams should be drilled-in. Thru-beam
connections or horizontal wales are used to connect ground anchors to driven soldier beams.
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A thru-beam connection is a connection cut in the beam for a small diameter ground anchor. Thru-
beam connections are usually fabricated before the beam is driven. This type of connection is
designed so the ground anchor load is applied at the center of the soldier beam in line with the web
of the soldier beam. Large-diameter (i.e., greater than approximately 150 mm) ground anchors
cannot be used with thru-beam connections. Thru-beam connections are used when few ground
anchor failures are anticipated because when a ground anchor fails, the failed anchor has to be
removed from the connection or a new connection has to be fabricated. A “sidewinder connection”
may be used with a replacement anchor for a temporary support of excavation wall, but it is not
recommended for a permanent wall. A sidewinder connection is offset from the center of the soldier
beam, and the ground anchor load is applied to the flange some distance from the web. Sidewinder
connections subject the soldier beams to bending and torsion.

Horizontal wales may be used to connect the ground anchors to the driven soldier beams. Horizontal
wales can be installed on the face of the soldier beams, or they can be recessed behind the front
flange. When the wales are placed on the front flange, they can be exposed or embedded in the
concrete facing. If the wales remain exposed, then the ground anchor tendon corrosion protection
may be exposed to the atmosphere and it is therefore necessary that the corrosion protection for the
anchorage be well designed and constructed. However, since exposed wales are unattractive and
must be protected from corrosion, they are not recommended for permanent anchored walls. Wales
placed on the front face of the soldier beams require a thick cast-in-place concrete facing. Wales can
be recessed to allow a normal thickness concrete facing to be poured. Recessed wales must be
individually fabricated and the welding required to install them is difficult and expensive. If a wale
is added during construction, the horizontal clear distance to the travel lanes should be checked
before approval of the change.

2.3.2.3 Lagging

After installation of the soldier beams, the soil in front of the wall is excavated in lifts, followed by
installation of lagging. Excavation for lagging installation is commonly performed in 1.2 to 1.5 m
lifts, however, smaller lift thicknesses may be required in ground that has limited “stand-up” time.
Lagging should be placed from the top-down as soon as possible after excavation to minimize
erosion of materials into the excavation. Prior to lagging installation, the soil face should be
excavated to create a reasonably smooth contact surface for the lagging. Lagging may be placed
either behind the front flange of the soldier beam or on the soldier beam. Lagging placed behind
soldier beam flanges is cut to approximate length, placed in-between the flanges of adjacent soldier
beams, and secured against the soldier beam webs by driving wood wedges or shims. Lagging can
also be attached to the front flange of soldier beams with clips or welded studs. In rare
circumstances, lagging can be placed behind the back flange of the soldier beam. With either
lagging installation method, gaps between the lagging and the retained ground must be backpacked
to ensure good contact. Prior to placing subsequent lagging a spacer, termed a “louver”, is nailed to
the top of the lagging board at each end of the lagging. This louver creates a gap for drainage
between vertically adjacent lagging boards. The size of the gap must be sufficiently wide to permit
drainage, while at the same time disallowing the retained soil to fall out from behind the boards.
Typically, placing vertically adjacent lagging boards in close contact is considered unacceptable,
however, some waterproofing methods may require that the gap between the lagging boards be
eliminated. In this case, the contractor must provide an alternate means to provide drainage.
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Concrete lagging has been used, but its use may be problematic due to difficulties in handling and
very tight tolerances on the horizontal and vertical positioning of the soldier beam to ensure easy
installation of standard length concrete lagging. Trimming of concrete lagging is very difficult and
field splicing is not possible. Also, the concrete lagging near the anchor location may crack during
anchor testing or stressing.

2.3.2.4 Construction Sequence

Top-down installation of lagging continues until the excavation reaches a level of approximately 0.6
m below the design elevation of a ground anchor. At this point, the excavation is halted and the
ground anchor is installed. Deeper excavation (i.e., greater than 0.6 m) below the level of a ground
anchor may be required to allow the anchor connection to be fabricated or to provide equipment
access. The wall must be designed to withstand stresses associated with a deeper excavation. The
anchor is installed using appropriate drilling and grouting procedures, as previously described.
When the grout has reached an appropriate minimum strength, the anchor is load tested and then
locked-off at an appropriate load. Excavation and lagging installation then continues until the
elevation of the next anchor is reached and the next anchor is installed. This cycle of excavation,
lagging installation, and ground anchor installation is continued until the final excavation depth is
reached.

When the excavation and lagging reach the final depth, prefabricated drainage elements may be
placed at designed spacings and connected to a collector at the base of the wall. The use of shotcrete
in lieu of timber lagging can be effective in certain situations. However, since the shotcrete is of low
permeability, drainage must be installed behind the shotcrete. Drainage systems for anchored walls
are discussed further in chapter 5. For permanent walls, a concrete facing is typically installed. The
facing is either precast or CIP concrete.

2.3.3 Continuous Walls

Ground anchors are also used in continuous wall systems such as sheet-pile walls, tangent or secant
pile walls, slurry walls, or soil mixed walls. Continuous walls are commonly used for temporary
excavation support systems. Sheet-pile walls are constructed in one phase in which interlocking
sheet-piles are driven to the final design elevation. Where difficult driving conditions are
encountered, a template is often utilized to achieve proper alignment of the sheet-piles, however, it
should be recognized that these wall systems may not be feasible for construction in hard ground
conditions or where obstructions exist. Interlocking sheet-piles may be either steel or precast
concrete, however, steel sheet-piles are normally used due to availability and higher strength than
precast concrete sheet-piles. Additional information on wall construction procedures, materials, and
equipment for other continuous wall systems is presented in FHWA-HI-99-007 (1999).

Unlike soldier beam and lagging walls, continuous walls act as both vertical and horizontal wall
elements. Cycles of excavation and anchor installation proceed from the top of the excavation and
then between the level of each anchor. Because of the relative continuity of these wall systems,
water pressure behind continuous walls must be considered in design. In cases where the continuous
wall must resist permanent hydrostatic forces, a watertight connection must be provided at the
ground anchor/wall connection.
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24 APPLICATIONS OF GROUND ANCHORS
2.4.1 Highway Retaining Walls

Anchored walls are commonly used for grade separations to construct depressed roadways, roadway
widenings, and roadway realignments. The advantages of anchored walls over conventional concrete
gravity walls have been described in section 1.2. Figure 8 provides a comparative illustration of a
conventional concrete gravity wall and a permanent anchored wall for the construction of a
depressed roadway. The conventional gravity wall is more expensive than a permanent anchored
wall because it requires temporary excavation support, select backfill, and possibly deep foundation
support. Anchored walls may also be used for new bridge abutment construction and end slope
removal for existing bridge abutments (see FHWA-RD-97-130, 1998).
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Figure 8. Comparison of concrete gravity wall and anchored wall for a depressed roadway.
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2.4.2  Slope and Landslide Stabilization

Ground anchors are often used in combination with walls, horizontal beams, or concrete blocks to
stabilize slopes and landslides. Soil and rock anchors permit relatively deep cuts to be made for the
construction of new highways (figure 9a). Ground anchors can be used to provide a sufficiently
large force to stabilize the mass of ground above the landslide or slip surface (figure 9b). This force
may be considerably greater than that required to stabilize a vertical excavation for a typical highway
retaining wall. Horizontal beams or concrete blocks may be used to transfer the ground anchor loads
to the ground at the slope surface provided the ground does not “run” or compress and is able to
resist the anchor reaction forces at the excavated face. Cost, aesthetics, and long-term maintenance
of the exposed face will affect the selection of horizontal beams or blocks.

2.4.3 Tiedown Structures

Permanent ground anchors may be used to provide resistance to vertical uplift forces. Vertical uplift
forces may be generated by hydrostatic or overturning forces. The method is used in underwater
applications where the structure has insufficient dead weight to counteract the hydrostatic uplift
forces. An example application of ground anchors to resist uplift forces is shown in figure 9c. The
advantage of ground anchors for tiedown structures include: (1) the volume of concrete in the slab is
reduced compared to a dead weight slab; and (2) excavation and/or dewatering is reduced.
Disadvantages of ground anchors for tiedowns include: (1) potentially large variations in ground
anchor load resulting from settlement and heave of the structure; and (2) difficulty in constructing
watertight connections at the anchor-structural slab interface, which is particularly important for
hydrostatic applications; and (3) variations in stresses in the slab. A major uplift slab that
incorporated tiedowns was constructed for the Central Artery Project in Boston, Massachusetts (see
Druss, 1994).

Although not a highway application, permanent rock anchor tiedowns may be used to stabilize
concrete dams (figure 9d). Existing dams may require additional stabilization to meet current safety
standards with respect to maximum flood and earthquake requirements. Anchors provide additional
resistance to overturning, sliding, and earthquake loadings.
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Figure 9. Applications of ground anchors and anchored systems.
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CHAPTER 3

SITE INVESTIGATION AND TESTING

3.1 INTRODUCTION

The purpose of this chapter is to describe basic site characterization and soil and rock property
evaluation for ground anchor and anchored system design. These activities generally include field
reconnaissance, subsurface investigation, in situ testing, and laboratory testing. The engineering
properties and behavior of soil and rock material must be evaluated because these materials provide
both loading and support for an anchored system.

Site investigation and testing programs are necessary to evaluate the technical and economical
feasibility of an anchored system for a project application. The extent of the site investigation and
testing components for a project should be consistent with the project scope (i.e., location, size,
critical nature of the structure, and budget), the project objectives (i.e., temporary or permanent
structures), and the project constraints (i.e., geometry, constructability, performance, and
environmental impact). Typical elements of a site investigation and testing program are described
herein.

3.2 FIELD RECONNAISSANCE

Field reconnaissance involves visual inspection of the site and examination of available