Table of contents

Preface v
Table of contents vii
Symbols and abbrevations xiii
1 Introduction 1
LAl GERETAL suorrmmsss sommmen sy rues oo Greissssse s s e wsws ey o s U A S R SRS 1
1.2 Safety regulations in geotechnical engineering ...........oecevevveverirerirereseenes 5
1.2.1 The ultimate and serviceability limit states .............coceveeererrerererirenennene 5

1.2.2. Total. Safely CONCEP b snsessmsssmnisssmrsmssvoss sy s s aessass s EresTazsa S

1.2.3 Partial safety concept and the German Code.........cccceevevvererereninennene. 5
I:2v4|Buropean ¢ode 6EStaNdald.uimensnmsmnmmmsmnmmmsmnssimmsmasms 7

1.2.5 Comparison between Eurocode EC 7-1 and German Code DIN 1054...8

2 Material properties of soft soils 11
201 (GONETALcuuuissisiamanussamasvvuvnasvonmansssss s iss auessssss S¥sssma TSR35 FEEA IS NSRS ARV AN 11
2.2 SAMPINEZ...veuiiviiirieiiereirieirietst ettt ettt a et ettt eaene s 11
2.3 Basic INA@X PIOPEILIES .....cvevviereruieieniierieniieieeteieetesieeeeseesaesssesaeessesasesens 15
2.4 COMPIESSION PIOPETLIES ....veuvvenreeirererereetereeresees ettt eeesteses e esesesseneseneas 17

24,1 GeNETAL ....cccucneimiensissosssansesnssmissasssssosssssassssrsasassvessassussrassusssavsrassusoonssans 17
2.4.2 One-dimensional COMPIESSION. .......ccuevirieriierieneeieeeerieseesiereeeee e 19
2.4.3 Two and three-dimensional COMPIression ........ccceecvevveveeveeriverierenieennens 27
2.5 Strength PrOPEIties........cocerievierieiririirieriesieriesert ettt sbe e sennens 29
291 GENETAl :caussnsimimivmminimuesosssssmsirssssosesesssimsmemmmicssssosmossrissssamns 29
2.5.2 Total and effective stress analysis ..........ccccceveveniecieccininncinccneeen 33
2.5.3 Undrained Strength ...........cooeueoieieriniiiiieiieeceeesieeeeesr e 41
2.5.4 Drained Strength ........coovuiviiiieiinieec e 50
2.6 Deformation PrOPeIties..........ccerieerueruerierieiereteeee et ene 51
261 GeNETal i coansinmmmamrsrsssmmsmms ssemsyresssvsergmensasnsusssessospsnsseons 51
2.6.2 Drained and undrained behaviour.............ccceveiienieiriininincncieieeens 52

2.6.3 Effect of depth on modulus of elastiCity ..........cccevveivenencneninininnne. 53



viii ~ Table of contents

2.6.4 Effect of anisotropy on modulus of elastiCity..........cccecerevuerenienenuene 54
2.6.5 Constrained Modulus from one-dimensional compression .................. 55
2.6.6 Unloading/reloading modulus of elastiCity..........ccooerieinenirrineinennens 55

3 Constitutive soil models and soil parameters 57
3.1 Constitutive SO1l MOAELS .......c.coveviuirieiiiiiieiireeeeee e 57
31,1 INTOAUCHION ..t 57
3.1.2 Linear elastic stress-strain law...........ccceovveiiieniininincncceccsceene 57
3.1.3 Non-linear elastic Stress-strain law............ccccoevieereieiercnenenieienieeenens 58
3.1.4 Variable elastic stress-strain 1aw .............ccceceeveeneinieinnenieneeneeenes 58
3.1.5 Elasto-plastic stress-strain [aw ...........ccccoveerenrennenrennncenresseesensessesenns 59
3.1.6 Elasto-visco-plastiCity . uasasssmmmssssssisvssmpmnsnsmsiassmms somenssassss 64
BT HypoplastiCityr s ssmessn sssssmmessamisssaomvss sssummas s s ses o s 65

R B B 1 1T [ 67
3.1.9 The constitutive soil models used in PLAXIS FE-program................. 68
3.1.10 Requirement for constitutive soil models - example excavation........ 70
3.1.10 Constitutive relations for interface elements.............ccccoveveeiverieinnne 71
3.2 Derivation of soil parameters for numerical analysis............ccccoecevvrienne 71
B2 L IGENBLAL ci..n. s v msoresisnssinmn s Somsi S5 353435805 Em R o s B S S B 5 b8 71
3.2.2 Determination of compression Parameters ............coevverveeeerrenuerneennens 71
3.2.3 Determination of strength parameters ...............coceceveeriecrneicnnnenennne 78
3.2.4 Deformation parameters under deviatoric loading condition ............... 89
3.2.5 Contact behaviour between wall material and soft soil ....................... 99
3.3 Calibration of SOil PArAMELETS ........c.ccevveuiriiirieiricireiecee e 103
3.3.1 Drained test behaviour............coccoirerenieneninieiereeeeseeee e 103
3.3.2 Undrained test BENAVIOUE. ......cmususiisiess sassssssaiimanssommssnisssaonsinsssisinuss 111

4 Supported excavations in soft soil deposits 117
G =) 1) ¢ T 117
4.2 UNSUPPOrted EXCAVATIONS) ursessmsessinmsrmsaismsammsss s st sass 118
4.3 Excavation tetaining Systeéms in-80ft S0IIS cuuuvimisviissmessssmssissosssmmamssssnseses 120
4:3:1 TYPE O WAl iuiuisiomusamsssmevssnssssmssssssnsnstsssussnssssasdessssessasmmsssss spspsioss 120
4.3.2 Type of Wall SUPPOTE.:.uimsnmsmssmmussmsesasmvenmsssimmssimesassvsss 121
4.3.3 Recommendations for retaining structures according to EAB ........... 122
4.4 BehaViour Of €XCAVATIONS susssrssssnsmosmesussssscsianssnssasissssssesssasssisas ssvsssissssass 126
441 GENEIAl uossiimmssvmmvsmasssmmsmamsamamne s s s sss s sseass 126
4.4.2 Earth pressure, reaction and section fOrces............ccoceevvereererveeruenenne 128
4.4.3 Movements in and around an eXcavation ............ccceceevverieeruenneneenenes 134
4.4.4 Excavation stability' if SOt SIS .:.ccammsemmssmmsamsmmmmmissmsissesions 141

4.5 EXeCution Of €XCAVATIONS. ........cecouveiieeieieeeeeeeeeeeeeeeesreeeseeeseseesesesesssesnns 144



4.6 Safety factor in design of retaining StruCtUIES .........cccceerervevevrrierereneenen 149
4.7. Drained/undrained analysis of €xcavation...........c.cceceevervenienreniesneseeneennes 152
T R . | 152
4.7.2 Is drained or undrained behaviour most critical
for design of supported excavations?.....qssssssmsssmssmssmssmnsmssnsssssss 153
4.7.3 The time limit for undrained and drained condition................cccoc...... 155
4.7.4 Determination of the earth pressure in short term using
the effective strength and the pore pressure parameters ..................... 156
4.7.5 Earth pressure in short term using the undrained strength.................. 158
4.7.6 Comparison of the different approaches............ccccecevererenenrerneenene. 160
4.8 /Stress paths 10 exXCaVatIONS .. .«.wssssssmmssmsmmssrsimms e esmimesmmmiies 164
4.9 Some reviews of FE-analysis of excavations ............cccocvvververenienenenennns 169
B 5 115 . | B 169
4.9.2 Factors affecting the performance of excavations ..............ccccccovvuenee. 170
4,10 Parameter:study ... uswsmwmummamsismnssssmmmsmmma i 173
4. 10.1IGENeral s ssassssmnsssomnassadmsms s s s TR 173
4, 10:2 ISYSTeI GEOMICHIY s xivuminsvass i sissusstassssnsns saasss s e uamse soa Ravg s A AERes s s 174
4.10.3 Sensitivity study of the hardening soil model parameters ................ 177
4.10.4 Effect of berms on deformation of excavations.............cccceveevevennene 185
4.10.5 Effect of the bottomisupport. ...« asnimusmmrsmisiasisssmsis 187
4.10.6 Comparison of drained and undrained analysis..........c...ccocvrevruennnnes 188
4.10.7 Mobilization of the passive resistance of a cohesive soil ................. 191
4.11 German recommendation for excavation in soft soils ........c..c.cecececruennnn. 197
4 VLN IGOIETAl i:iviisssszsismussssmmnsoisssssmmminsasssass aumasss i SR R VER IR ROREH PR3 S 197
4.11.2 The shear strength and the coefficient of earth pressure at rest......... 197
4.11.3 Earth pressures:and reactions: . swsssssssemsmmsivaisrssssmiamivis 200
4.1 1.4 W ater PLESSULE ..o uusisssossassesvsssss sl s vassss coimsssneams s s a5 204
4.11.5 Embedment depth and section forces ...........coceevvvevrenecnecnncnnnes 206
4.11.6:Basal ailure. ....cvomumiamsisomsismismis s s s asasisss s 207
4.11.7 Drainage measures ini eXCaAVAION i wsssssmmsumamssamissmaimssismms 211
4212 a8 HISHOTNCS 5 5:muvmsns sxsiwiiion vsnsinnesaans sk e doinilonasmsans nw ATEES (FHNH PR sy ASH 8 211
4.12.1 General c.c.vmssimsmimiomsommsmimssms e s s R T 211
4.12.2 Project-I: Damgasse - CONStaANCEe ... .cssusssussmssinessosssmssssssssssmmassisns 212
4.12.3 Project-11: Markgrafenstrasse - Constance ............cccceceeevueeeneeenenns 239
4.12.4 Project-111: Seeuferhaus — Constance ..........c..ccccerververerieerercrenennens 255
4.12.5 Project-1V: Seearkaden Starnberg .o 262
4.12.6 Project-V: Karstadt building in Rosenheim...........cccoccocvviniinnenns 267
5 Shallow foundations on soft soils 275
9:] (GENETAl vt s sy sse s svoswssss 275

5.2 Historical foundation on soft soil deposits ..........cccccevvievievieeierinecienieennn 275



x  Table of contents

5.3 Type of shallow foundations .......:«wsmsssasmmssamnsmsmmassassae 278
5.4 Settlement calculations — the serviceability limit state..............cccceeennenene 280
5.4.1 Soft soils deformation behaviour and calculation methods................. 280
5.4.2 Stresses and settlements due to external load............cc.ccovveeevreennennee. 280
5.4.3 Time settlement behaviour, magnitude and components of
settlements of shallow foundations............ccccceeeieiensnensinsesseeseesseenns 286
5.4.4 Allowable settlements, tilts and angular distortions............cc.ceceeeeee. 297
5.5 Case histories of buildings on raft foundations ...........cc.cccovernvcineniecnnnn 310
s i 6= 1 1 L LT 310
SRR A ST5 | W70 170 1 1) (0] o LT 310
5.5.3 Review of settlement ObSEIrvations..........c..cceevreivnvreenieiesreessnnessseeenns 311
5.:54 Summary of the back.analyses TesultS. . cssmnmmsmsssinmmmnsasoes 321
5.5.5 Effect of load increment and rate on settlement prediction................ 323
5.6 Two case histories with excessive settlements.............cccoeeevveeeeeeecneeenenns 326
5:6.1 (General s T T 326
5162 CaserAioff1ce DUIAING: oo avsasinssasmssmsmsnsssssusssss s o 327
56.3:Case/B: Storagetanks: ..o i ssimimns s 329
564 NuUmerical AnAlY SIS «owmasasasmsss s s s ssssmnismaessrets e 330
5.7 Case history of an embankment .............cceceveveriiiriinienencneneneeeereeee 331
5.8 Case history of settlement due to shrinkage ...........ccoceeeeevcniivnincnnnnne. 333
5.9 Safety of shallow foundations ..............ceceevererenenenenieniieceecees 336
5.10 Design of raft foundation...........c.coecevueineiinicnincninnceee e 337
5.10.1 ' Genetal.. .cisumessommrmussimsominmrsesivimssinerissurbisssssin s 337
5.10:2 Paramnieter StUAY i msvwsmsmmrsmmsssiossivsmmsomissimassss 338
5.10.3 Numerical analysis using the FEM...........ccccocooivininininnnccne. 340
5.10.4 Verification of the modified subgrade reaction method
On) SELECLIVEPIO)ECIS o crmvnmsnninmmmmrsmin Srvssrma s ostss gamn 342
5.10.5 Effect of creep of the soil on flexural stress of a plate...................... 346
5.11 Summary and recommendations .............cc.eeeeiererienieenieneeeeieseesieneenns 346
6 Pile foundation 349
(G0 I 11106 LT (o] 5] ) O 349
62 Pile‘typesiand constructionmethods :.uuusussssmmimmasssnmmmssmsssasimio 350
6.2.1 Selectioniof appropriate/pile types...cusssmsmassmmmssimvasmssssims 350
6:2.2 DASPlaCemICnYDILER <. osmmsssisionninimsssnsssnssns sdsmssnsin amas st s ssa s T 38053 352
6:2.3 Bored. Piles:: s smimmasnsswmssivss snams s oo ssanss s s 55 sis86sa e ST 59583 367
6:2:8 IV ICTODINIES 5 csssiss swsmssmuinnss 66555535003 AHomR R IR SH SRR RO AR RS AW N3P SRS SRS 378
6.3 Pile beating DeNaVIOUD . xcussassavesmssussmssmmsss ammsn nssanseasssmsansss Guniassesss s 381

6.4 AXial Pile TESISTANCE .....cvevueevieeiiriieieeiieieie ettt 385



Xi

6.4.1 GENETAL ...ttt e 385
6.4.2 Pile resistance from static Load Tests..........cccervererrenrivreniennnecnieennn 385
6.4.3 Dynamic pile teStINEZ.......ccveuvruiriirieiiicicieree e 393
6.4.4 Pile resistance against horizontal loadings ...........ccccovveevieevieneevrennnnne. 395
6.4.5 Determination of pile reSiStance ...........ccecvevuervereeerienriesveneeneeseeseennes 395
6.4.6 Change of the bearing capacity of piles with time...........c.cccecerveruennee 410
6.5 Negative sKin friCtON ....o.veieireieericrieei ettt 412
G- S LIGENETAL ..o ivanssssmasisnusmsissssmonsssonnrisimassiobtsssoeasssssansinismransonnsansnnes 412
6.5 2 NCULTAl POINL: . cisisosiimisussisnisisnisssnssssisassnsisnsiosssassstsisstassoiens smemssmsnssosaras 414
6.5.3 Actions arising from negative skin friction ..........cccocceeevvcriecinnnnnne 415
6.6 Lateral loads and settlement bending ............cccoceceveiinenncincninenecnnennn 419
6.8 Special pile foundations in deep soft soil deposits .........ccecveeveverveenuenene 422
6.9 Raft foundation on floating injection piles (RFIP).........ccccocevvvvierieniiinnnne 424
6.10 Case histories on RFIP-foundation system............cccccevvvrveerivenienreeseennenne. 427
0:10:1 IGBABTAL osiavervarssivssmsssssssinensssuonsnssnssasssssnsasesssesorssassssymesessss ssvenssises 427
6.10.2 Project I (RFIP-foundation system)............ccoceveerreencrmneecrieinnennes 428
6.10.3 Project II (RFIP) ....c.oouiiiiiirieiicercericeseceee et 432
6.10.4 Project I1I (Floating displacement piles) ..........c.ccceeeurenirecnrnennicnnns 449
6.10.5 Project IV (excavation and old building stabilisation with RFIP)....453
6.10.6 SUMMATY.......oviiiiiriiirienieenie ettt s st sae s snens 459

7 Soil stabilisation with column-like elements 461
€ 1) 1T | T 461
7.2 Reinforced embankments on pile-like elements............cc.cccceveceneninicnnne 461
E 71T | B T 461
7.2.2 Load transter: meChaNIS I s :sumsssisssssssssimsammasssnssinm e musm s s 463
7.3 Stone columns and sand compaction piles ............coccererirecencninecinenne. 467
T.3.1 GENETAL ...ttt 467
7.3.2 Principles of design and analysis.............cccoeivinenneineincneneeece 468
7.4 Geotextile encased sand/gravel columns (GEC) ........ccooovvveviiiiinennennnnne. 474
74,1 GENETAL ...ttt ettt ae e e e saeaen 474
7.4.2 Installation Method .........c.ccoueeivinneeninniecincc s 474
7.4.2 The bearing system of the GEC.........cc.cccooviiiviiiiiininencneecceeee 476
7.4.3 The analytical calculation approach ...........ccccecveininininnciiiinenn. 477
7.5 CSV MEthOd.......c.ooviiiiiiiiiiiciceicee ettt 481
T8 1 GENETAL....c..cvovcinescviimmisissmisssatessusssrissossssnsossssrsansssonsorsmvassasssmonsvesonssavass 481
7.5.2 The method of installation............cceceeiiiiiiiininiiicc e 482
7.5.3 The bearing SYStEIM .....c..ccueieirieieiriiniiniet ettt 483
7.5.4 Design and analysis .........cocceeeeerieiiinineneneieieen e 484

7.6 Deep mixing method (DMM).....cc.oooiiiiiiiiniiinieeeeeeee e 487



xii  Table of contents

7.6.1 INrOAUCHION ...ttt e ee 487
7.6.2 Dry deep mixing method...........ccoeeeveriniinieiiieieeeeee e 488
7.6.3 Wet deep mixing method..........c.coeevieviiiniiiniiniiiniiiicccceens 493
7.6.4 Jet pile MEthod........ccooeiiiiiiiiiiicice e 500
7.7 Unreinforced pile like elements............ccooueveeirinieiiiniiiiiniiciiencceeenens 501
7.7.1 Grouted stone/gravel CoOlUMN .........cccccevveiiiiiiiniinininicccceee 501
7.7.2 Ready-mixed mortar COIUMNS .........cccoevverreieininiienenereeeeseeeeeee 502
7.7.3 Unreinforced concrete COIUMNS.........ccuevvevviieiiiniinieieeccceeeennee 502
7.8 Displacement and bored piles............cccooeviiiiiiiiiiiiiiininieeee 503
T:9CaSe RISIOTIEE. . vnveesessmvesssrmmvmmsmimo st sy s ST e 503
7.9.1 Muehlenberger loch - geotextile-encased sand columns (GEC)......... 503
7.9.2 Hamburg—Berlin railway line:
reinforced embankment on pile like elements.............cceceeiiennennne. 508 -
7.9.3 City road Trasa Zielona in Lublin-Polen: wet deep soil mixing......... 515
7.9.4 A multistory building on wet deep mixing columns............ccccceueunee. 515
7.9.5 Pad and strip foundations on wet deep mixing columns .................... 517
7.9.6 Highway bridges supported on wet deep mixing columns................. 518
7.9.7 Restoration of an offshore retaining wall with CSV-columns............ 518
7.9.8 Stabilisation of 5-storey building foundation and
underground parking with CSV-columns...........ccccceveniiiiincncncnnnn 521
References 525

Index 551




