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In 2019, the first part of the Compendium Deep Foundation formed the basis of a new series of books that aims to address the increased
demands on deep foundation products, and the growing complexity of the process and machine technology in deep foundation engi-
neering. Knowledge of the various deep foundation processes and the relevant machinery and equipment is one of the most important
basic requirements to be successful in this field. Now the present “Compendium Deep Foundation, Part 2: Ground Improvement”
continues the series of books. It describes current processes, equipment and applications for ground improvement in deep foun-
dation engineering. As a supplement to this, IT solutions for use in ground improvement are presented. Particularly in the field of
digital aids, there have been enormous advances in development in recent years. These are far from complete and also offer a huge
potential for innovation in the future.

As in part 1 of the Compendium, which deals with drilling processes, the same applies for this part 2: we do not want this book
to compete with literature which, although likewise deals with the construction of geotechnical structures, goes deeper into the
dimensioning rather than the execution of construction work. It is rather intended to supplement them and answer questions about
the construction processes and the equipment required. The Compendium should thus be of use for designers and contractors,
as well as for newcomers to deep foundation engineering as a reference work and assist in the daily work on the construction site.
The Compendium does not claim to be comprehensive; it reflects the current state of the art in the chosen subject areas. Thus, in
some chapters, the naming and description of special processes has been omitted. Additionally, there are further processes that
can be assigned to ground improvement, but which are not dealt with in this Compendium. These processes are referred to at the
beginning of the Compendium.

Our special thanks go to the management of Liebherr-Werk Nenzing GmbH. During the compilation of the first part, it was already
clear how much time and costs such a book would involve. Nevertheless, we received full support and were thus able to success-
fully complete the second part of the Compendium.

Many thanks are, of course, also due to all those involved in the production of this book. Firstly, the employees of Liebherr-Werk
Nenzing GmbH from the departments of technical design, product management, marketing and system development should be
mentioned. They assisted the authors above all in the technical details of the machinery. The employees in the marketing depart-
ment with great motivation and meticulousness produced the high-quality renderings, which give the Compendium its special
character. They also gave the book its final touch through valuable advice and professional editing.

The numerous clear illustrations in this Compendium are intended to aid understanding. Our thanks for these are due to the team
at kom DESIGN - 1 GmbH, who was responsible for the illustrations, graphical layout and overall preparation of the book.

We also thank Adam Zehentner for numerous illustrations that he compiled with high technical expertise and great attention
to detail.

As in part 1, numerous suppliers and customers of Liebherr-Werk Nenzing GmbH were also very helpful in part 2. They sup-
ported the two authors by patiently and unselfishly providing many tool models, photos and important information. In particu-
lar, help in this regard came from the following companies and persons: BSP, EMDE, Eurodrill, GMB, Karl Rainer Massarsch,
MENARD, Obermann, Robl, STRABAG, terra infrastructure, TEC Systems and Vibro Services.

We also thank all those not mentioned here but who have also made their contribution to the success of the book.

With this part 2 of the Compendium, we hope to contribute to the dissemination of knowledge about deep foundation engineering
and wish all friends of this field, and those who will hopefully become friends of it, much success and much pleasure in reading
this book.

Nenzing, November 2023 Peter Quasthoff
Markus Schonit

Preface | VI



Table of contents

LI 121 o T 1177 1o o 1
1.1 (B Te1 (e (01U | ale P PP TP PPSPTPTPPPPPR 1
1141 History of Liebherr-Werk Nenzing GMDH ..o 1

11.2 Origin Of the COMPENTIUNM ....eiiiiie ettt et e e ettt e ettt e e et e e e nbeeeaneeeeane 2

1.2 Structure and use of the COMPENIUM .......uiiii e e e e e e e et e e s e e e e e sttt e e e e e s ibtaaeeesaiaees 2
1.21 GIENBIAI ...t 2

1.2.2 Structure of the MaIN CRAPTEIS ......uviiiiii e 3

1.2.2.1 I (0TeT= TSl o 4 Te o 1= PP PUPUPPST N 3
1222 Characteristics and appliCation IMIES .........uvviieiiiii e 3
1.2.2.3 Machinery With EQUIDMIENT. ...ttt et e e e e e e e e e e eaeaeaaeassenaes 3

1.2.3 Applications of the ground IMPrOVEMENT PrOCESSES. ......eciiiuiriiieiaiiiiiet ettt 3

124 [T SOIUTIONS ... 4

1.2.5 Technical explanations to the CoOMPENAIUM..........oiiiiiiiee e e s 4

7 € 7Y T - N 7
3 Wet SOIl MIXING tirrrrnrnnnnnnnnnnnnnnnnsnsssssssssssssmssmsnnmnsnssssssssssssssssssssssssssssssssssssmmmmmmmnmmmmmmmmmmmssssssssssssssssssssssssssssssssnnnes 15
3.1 [ (0101 o Vo] o )= PSP UR SRR 16
3.1.1 (0 gTer= TS =Te [a o1 e T OO U P PTP PP PP PPPPPPP 16
3.1.1.1 ToFOIA FOOS etttk h et b Rkttt 16
3.1.1.2 01T o LT (0o £ PSP PPPUPUPT 17
3.1.1.3 CONtINUOUS TlIGNT GUGEIS ...ttt e ettt e et e ettt e et e e e as 19
3.1.14 Counterrotating MIXING NEAT ... .eieiii it e et e et et e e aeee s 21

3.1.2 (O =T g 00 o T PSS PPPRTPP 22
3.1.2.1 LOW-PIESSUIE JEEHING ... ettt e e ettt e e e et e e e et e e e e 22
3.1.2.2 HIGN-PrESSUIE JETHING ..ttt e e et e e e e e 24

3.2 Characteristics and appliCAtION IMILS ... ..uuiiiiiiiiii e e e e e st e e e e s st a e e e s ataaeeas 26
3.2.1 CNAIACTEIISTICS ...ttt 26

3.2.2 JaY o] o] 107> i ol T [T g1 PP PPPUSPRRR 27

3.3 MaChINENY WItN EOUIDMIENT ... et e e e oo bttt et et et e aeeeeeeeeeaeaaaae s e e s e s s sesstaraeasaeannes 28
3.3.1 CaTIEr MNACKINES ...ttt 28
3.3.1.1 (0 gTer= TS =Te [a o1 e T OO U P PTP PP PP PPPPPPP 28

CIC T I O B B (o] [o oo PSP P UP T UPRTOPTRPR 28

G TG T e 2 V111 1] 0] (ST o Yo [T PSP P PO RS R RPN 32
3.3.1.1.3  Counterrotating MIXiNg NBAG ........couuiiiiiiii e e et et e e e e e 34

Table of contents | IX



X

3.3.1.2
3.3.2
3.3.2.1
3.3.2.2
3.3.3
3.3.3.1
3.3.3.2
3.3.3.2.1
3.3.83.2.2
3.3.3.2.3
3.3.3.2.4
3.3.3.2.5
3.3.3.2.5.1
3.3.3.2.5.2
3.3.3.3
3.3.3.4
3.3.4
3.3.4.1
3.3.4.1.1
3.3.4.1.2
3.3.4.1.3
3.3.4.2
3.3.5
3.3.5.1
3.3.56.1.1
3.3.6.1.2
3.3.6.1.3
3.3.6.2
3.3.56.2.1
3.3.6.2.2
3.3.6.2.3
3.3.56.2.4
3.3.6.2.5
3.3.56.2.6
3.3.5.3

(@72 1T [ a0l Vo TR TP P P OPPRO 35

MiIXING @NA FOTANY AFIVES. ...ttt e ettt e et e e e 36
IMIXING GFIVES .ttt 44t e e ookt e e e oo h bttt e e e et e e e e e bbb e e e e 36
ROTANY AIIVES L.ttt e e e e e e e e ettt a e e e e e e e e e e e e e e e e 39
IMIXING PIANTS .ottt oottt e et e e e et e e e e e 43
GIBNEIAL ... 43
PIANT UNITS L. 44
SHlOS AN SCIEW CONVEYOIS ...uvviieeeiiiie e e ettt e e e et e e e e e et e e e e e ettt e e e e et bt e e e e e ettt e e e e e s sttt e e e e e e tateaeeeaeineees 44
WVBEET TANKS ... s 44
SUSIENSION MUXEIS ..ttt eeee ittt e e ettt e e ettt e e e e et e e e e ettt e e e e e et b b e e e e e e s tb b s e e e e e e abe b e e e e e s eatb e e e e e e aetateeeeeesensees 45
S T(] =0T - U] S T PSSP P OPPRP 46
L=T=T o1 o] o T PSP SPOURUR R a7
PIUNGEY PUMIDS -ttt ettt oo ookttt e e oottt e e e et e e e e e e e e e a7
ECCENIIIC SCIBW PUMIDS 1ttt ettt e et e e e e et e e e oo e e bbbttt e e e e e e eeeeeeaaaeeeaesa s e s nnnnes 48
(0] 01 (e IES1 Y1 (=T 0 F TP PSPPSR PPPPPRRPPIN 48
COMPACE MIXING PIBNTS. ...ttt ettt e e e ettt e e ettt e et e e et e e et e e e eneees 50
MBCHINE TIMIES ©e e 52
(@] gTez= R 1CTe I 0 111 Lo T OO PR PP PP RPPPPPN 52
TOIA FOUS .. 52
Y L] o] ST Yo £ PSP SPSUSUS R 54
Counterrotating MIXING NEAA .......vvieiiii ettt e e tea e neees 57
(072 1T [ a0 Ve TR PSP P P OPPRP 58
LKoo IR=3 Y] (Y 1 0 I PP PP PPPPPPRTR R 59
(@] gTez= R 1CTe I 0 111 Lo T OO PR PP PP RPPPPPN 59
TOIA FOUS .. 59
Y 1] o] ST Yo £ PSP PPSURURT R 61
Counterrotating MIXING NEAA .......vvieiiii ettt et e neees 63
(072 1T [ a0 10Xl Vo TR USSP OPPRP 64
(072 S a o e 11117 PSSP OPPRP 64
(072 TS 0o PO P PR OPPRP 65
(O] g To TRt g To = PSS PP OPPRP 66
[ [T e 0] 1Yot PSP SPOURUSR 66
I e = U 1= T OO TP TP P O PPPPP TP PPPPPPR 67
AUGET STAMEIS ..ttt oottt o4ttt o4 okttt e oo ekt e e e et e e e e e e e 68
LAY =T Ul o= U £ T PP PP PPRPPPRTR R 69

Table of contents



L R 1 V=T o 1 I 4 0111 4V 71

41 [ (O101T TS o Vo] o )= PSP S SRR 71
4.2 Characteristics and appliCAtION IMILS ... ..uuiiiiiiiiiiie e e e e e e et e e e e e st r e e e e s etaaeeas 72
4.2.1 CRNAIACTEIISHICS ...ttt 72

422 P o] o] 110> i ol T [T g1 £ PP PPR PSP 73

4.3 MaChINENY WItN EOUIDMIENT ... e e e e ettt et et e teeeeeeeeeaeaaaae s e e s e s s senstaratasbeannes 73
4.3.1 CaTIEr MNACKINES ...ttt ettt 73

4.3.2 LIME-CEIMEBNT UNIT ... e et 74

4.3.3 IMIXING GFIVES ..ottt oottt e 4okttt e e e ettt e e e e bbbt e e e e et e e e an 76

4.3.4 MECHINE TIMITS ©.eeiie e e et 76

4.3.5 LT I3 S L 1 0 I PP PP PPPUPPRR R 7

LI 02111 (=Y =T T I 413V 79
51 ({0101 o Vo] o )= PP OSSPSR 79
5.2 Characteristics and appliCAtION IMILS ... ..vuiiiiiiiiiiie e e e e e st e e e s st r e e e e s etaaeeas 81
5.2.1 CNAIACTEIISTICS ...ttt 81

522 P o] o] 107> i ol T [T g1 £ PP PP PP PSP 82

5.3 MaChINENY WItN EOUIDMIENT ... et e e e et oo oo e bttt e et et e te e e e e eeeeaeaaeaeseasensse s tatnranbeneee 82
5.3.1 CaTIEr MNACKINES ...ttt ettt 82

5.3.1.1 WIth TOP AV (TD).e. e ittt ee ettt e et e ettt e e e e et e e e e e e e e e e e et bbb e e e e e et b e e e e s s satraeeee s 83
5.3.1.2 With hollowed top guide Arive (HTGID) .....cvveeiiiiie ettt 85

5.3.2 Kelly bars and KElly QUITES ........uvviiiiiiie et e e 86

5.3.2.1 G|V 0 7= = PP PPPUPRRT N 86
5322 KBIIY GUIAES ..ottt a4ttt e e e ettt e e e e e et e e 87
5.3.2.3 (@7ola] 10T T=1iTo] PSR SPPSRPP 88

5.83.3 CUHEI MIXING NEAAS ...ttt e et e ettt e e et e e ettt e e nnte e e neee s 89

5.3.4 MECHINE TIMITS Lottt e e 90
5.3.4.1 WIth TOP AV (TD).e ittt ee ettt e et e ettt e e e e et e e e e e et e e e e e et bt e e e e e e saba b e e e e s s iatraeeeeaan 90
5.3.4.2 With hollowed top guide Arive (HTGID) .....c.vveeiiiiie ettt 90

5.3.5 LT I3 S L 1 0 I PP PPPUSPRR RN 91

6 Applications of SOl MIXiNG PrOCESSES..cuuuumimirirrmmmmmmmmnnnnnnnnnssssssssssssssssssssrerren e ————sssssssssssssssssssssssssssssnnnen 93
6.1 GIBNEIAL ...t 93
6.2 (@] gTer= T T=To [ 1) oo OO PP PR PUPPPTT PP 93
6.2.1 Single columns for SOil StaDIlISAtION...........iiiiiie s 93
6.2.1.1 Arrangement fOor 1-fOId MIXING ....vveii e 94

6.2.2 Soil mixing panels for soil StabIlISAtION ..........veiiiiie e 94

Table of contents | XI



6.2.2.1 Arrangement fOr 2-TOI0 MIXING «...veeeeiiii et e e 95

6.2.2.2 Arrangement fOr 3-TOIA MIXING .....eeeeiiiieie et e e e e 96

6.2.3 Cut-off walls and retaiNiNg WaIS. . .......viieiiiie ettt e s 97

6.2.3.1 Soil MIXING PANEIS “WET IN WEL” .....eee ettt 97
6.2.3.2 Soil mixing panels using the back-step MEthod ..o 97
6.2.3.3 Soil mixing panels with continuous flight augers using the double back-step method ...........ccccooevveenee. 98

LSRG I O 1T [ o154 T TSP TPPRUPRSPR 99
6.3.1 Mixing with low-pressure jetting using a modified back-step Method.............eeiie 99

(O OV« (=T 1 o (Vo T PSSO P R UPRSPIIN 101
6.5  Structurally load-bearing SoOil MIXING EIBMENTS ... ...iiiiiii it e e neee s 102
6.6  Examples for the arrangement of SOIl MIXING BIEMENTS ......coiiiiiiii e 103
6.7 DIimensioning Of MIXING PIANTS ....eeiiiiiiie et e et e e e ettt e e et e e et 104
7 Deep compaction with Vibroflot.......... i e nm e 107
71 [ (OTeT= TS o Te o = PSPPSR PPN 109
714 AVl o] Relola ot e o] PR PP PP PPPRTR N 109

71.2 Voo =To)F=Ter=Ta 1Y o PP PP PPPRTRR N 111

71.21 DY 10D fEEA PrOCESS ...ttt ettt e e e e e ettt e e e e e e e e e e 112
7122 LA o0 7o PP PP PPPRTRR N 113
71.2.3 Dry DOTOM fEEA PrOCESS ....oiiiieieie ettt e e bbbttt et e e e e e e e e e e e e e e e e n e e e 115

71.3 Vibro-replacement with hydrauliC DINAEIS ....uvviiiiiiiiiiii e 118
7.1.31 Y [0 g r=T =T o 0T TT PO PP UOUSPS N 118
7.1.3.2 Ready-MiXEd MOMAr PrOCESS ....ciiiiiii ittt e e e e e e e e bbbttt e et e e e e e e e e e eaaaaaeaenanenaes 119
7.1.3.3 Partially MOMArEd PIrOCESS .....ciiiiieiii ittt bbbt a et et e e e e e e e e aaa e e e e e e e aenns 120
71.34 VIO CONCIELE PIOCESS ...iiiiiieiie i ettt e e e e e e e et e e ettt et e e ae e e et e e e eaaaeaeaaenenennes 121

71.4 Reinforced VIDro-replaCEmMENT.........cii i e 122
71.41 Geosynthetic-encased sand and crushed StoONE COIUMNS .........oiuviiiiiiiiiiee e 122

7.2 Characteristics and appliCatiON MIES .......vviiieiiieie e e e e e e e e et e e e e st re e e e e aaaaes 123
7.2.1 CNATACTEIISTICS ...ttt 123

7211 AVl o] Relola g ot e /o] PR PP PP PPPRTRR N 123
7.21.2 Voo =To)F=Ter=Ta 1Y o PP PP PPPRTRR N 125

7.2.2 P o] o] 110> ol T 1111 PP PP PPPRTR N 126
7.2.2.1 GIBNEIAL ... 126
7222 AVl o] R elola g0t e o] P PP P PP PPPRTRT RN 126
7.2.2.3 Voo =To)F=Ter=Ta 1Y o PP PP PPPRTR N 128

7.3 MaChINENY WIth EOUIDMIENT ... ettt et et e eeeeeeeeeeaeaae e e e s e s s s e s tntarbnaenene 129

Xll | Table of contents



7.3.1 CaTIEr MNACKIINES ...ttt 129
7.3.1.1 Crawler excavator With VIDIOTIOT...........iiiiiiiii e 129
7.31.2 Leader-guided AP COMPACTION. .....ci ittt e et e et e e e 130
7.3.1.3 Free-hanging AP COMPACTION.......ciiiiiiiii et e e 133
7.3.2 VIDFOTIOTS L 135
7.3.2.1 FUNCHIONAI PIINCIDIE. 11ttt e e e e e bbbt et e e e e e e e e eaaaaaaaaeneas 135
7.3.2.2 EIECHC VIDIOTIOTS ... 136
7.3.2.3 HYArauliC VIDIOTIOTS 1.ttt e e e e e et e e e e e e e e e e e 137
7.3.3 P g ele] 01 0] (=7 o] £ PP PPPPRSPRP R 138
7.3.4 MECHINE TIMITS et 139
7.3.4.1 CraWIET BXCAVALOIS ...ttt ettt 139
7.3.4.2 Leader-guided with dry bottom feed VIDrOfIOL. ..o 139
7.3.4.3 FrEE-NANGING ..ot 140
7.3.5 LT I3 S (T 1 0 P PP PPPPRSPRP R 142
7.3.51 Penetration unit for vibro-compaction with VIDroflot ..., 142
7.3.5.1.1  Extension tubes and liftiNng NEAA ..........ooiiiiiii e 142
7.3.5.1.2  Wear and external parts of the VIDIOflOt ..........uviiiii e 144
7.3.5.1.3  Vibroflot Noses for VIDrO-COMPACTION .....uviiiiiiiiiiiii e e e e 145
7.35.2 Penetration unit for vibro-replacement with dry bottom feed vibroflot...........cccocviviiiiiii, 146
7.3.5.2.1  RECEIVEN @SSEMDIY .iiiiiiieiiii ittt e e e e e e e e oo e bbbttt et et e et e e e et e e e e e e e e e e e e e 146
7.3.5.2.2 SO TUDES ... 148
7.3.5.2.3  Wear and external parts of the VIDIOflOt .........vviiiiiii e 149
7.3.5.2.4  Vibroflot Noses for VIDIO-replaCeMENT .......viiiiiiiiii e 150
8 Deep compaction with top vibrator.......... o m s nnnnnn 153
8.1 [ (OTeT TS o Vo] o )= P PSP SRR SRR RRRTTPRIN 153
8.1.1 Mechanical prinCiples Of VIDratioN ... 153
8.1.1.1 [T S ol o) Lol o )= PSP UPUPRPPRR 153
8.11.2 Generation Of OSCIlIALION .........iiiie e 154
8.1.1.3 Motion of the PIING EIBMENT.........ei et 155
8.11.4 PArAMETEIS ... 156
81,141 SHALIC MOMEBNT.... etttk 156
811,42 EXCIEEI TOICE ..ttt et 157
S T P G B =T [0 =Y o o PP SP P USRS TR 157
8.1.1.4.4  Peak-10-peak amPItUGE .......oii oot a e e e e et e e e e e e e e e 157
811145 ACCEIBIALION ...t 158

Table of contents | XIlI



S T P I L T S (W (o1 = e Y PSPPSR 158

8.1.2 Deep compaction with COmMPAaction ProDE .......uuuviiiiiiiii e 159
8.1.3 Deep comMPaCtion WITN CASING .....vviiiiiiiiei ettt e e 160
8.1.3.1 VDO COIUIMINS ..ttt e ettt e e e e e e 160
8.1.3.2 VIDrO-replacemMEnt COIUMINS .....ciii ittt et e e ta e e e e e e e eaaaaaeaaenenenaes 162
8.1.3.3 VDO CONCIBLE COIUMMNS . ....eiiitiieiiit ettt e e 164
B.1.8.3.1  ClOSEA SYSIBM ..ottt e e e et e e e et e e e e e et e e e a e e e e et e e e e e s e e e e e aaae 164
S TG TG T B B VT o = i T PP P PRSPPI 165
8.1.3.3.1.2 Concreting and EXIrACHON ... ...veie ittt 166
8.1.3.3.1.3 REINTOICEIMENT ...t et 167
B.1.8.3.2 BN SY S BIM ittt e e e e e et e e et e e e e e e e e e e e e e e aaaae 167
S TG TG T2 B Vo - i T TSP P PP P TR SP PR 168
8.1.3.3.2.2 REINTOICEIMENT ...t et 168
8.1.3.3.2.3 Concreting and EXIraCON ... ... veie it 169
8.1.34 Geosynthetic-encased VIDIO COIUMNS ........uuviiii e e e 169
8.1.3.4.1  Displacement METNOA ........ooiii ettt e e e e e e e e e e e e e 170
S G I B B B Vo = i T O SO PP P USSP PP 170
8.1.83.4.1.2 Installation of the geosynthetic and insertion of fill material..............ccoii e 171
B.1.3.4.1.3 EXITACTION ..ot 172
8.1.3.4.2  EXCAVALION MEINOG. ... .iiiiiiiiiii e 174
8.2 Characteristics and appliCatiON MIES ......vuviiieiiiiie e e et e e e et e e e e st re e e e e e 175
8.2.1 CNATACTEIISTICS ...t 175
8.2.1.1 Deep compaction with COmMPAacCioN ProDE .......uuuviiiiiiiii e 175
8.21.2 Deep comPacCtion WITN CASING .....vviiieiiiieie ettt e e 176
8.2.1.2.1  Vibro columns and vibro-replacement COIUMNS ......cocieiiiiiii e 176
8.2.1.2.2  VIDro CONCIEIE COIUMNS ... uiiiiiiiie ittt 177
8.2.1.2.3  Geosynthetic-encased VIDIO COIUMNS ... ...uiiiiiiiiiiie e re e e e 178
8.2.2 APPICATION IMILS ©1vviiiii e et e et bbbttt et e e te e e et e e e e e e e e e e e e e nen e 179
8.2.2.1 Deep compaction With COmMPAacCtioN ProDE .......uuuviiiiiiiii e 180
8.2.2.2 Deep comMPaCtioN WITN CASING .....vviiieiiiiiei ettt e e 181
8.2.2.2.1  Vibro columns, vibro-replacement columns and vibro concrete ColUMNS .........ooveieeeeieiiiiciiiiiiiiins 181
8.2.2.2.2 Geosynthetic-encased VIDIO COIUMNS ... ...uiiiiiiiiiiie et ra e e 181
8.3 MaChINENY WIth EOUIDMIENT ... e e e ettt et et e e e e e e e e eaeeaaaeaa e s s s s s e s aatasasbenanes 182
8.3.1 GBI MACKINES ...ttt ettt 182
8.3.1.1 (=T Te (=T e U1 (Yo B O OO TTPPPPURPPPPP 182
8.3.1.2 Fr OB NANGING e 185

XIV | Table of contents



8.3.2 VIDFALOTS e 186
8.3.2.1 CONSEIUCTHION TYPIES 1.ttt e e e e et e e e e e e e e e e s et e e e e e e et a e e e e s s eatbeaeeesaees 186
L TEC T2 I B [o o Y/ o = (] £ TP PP PSP SRR TR 187
8.3.2.1.2  RING VIDIALOIS ...ttt oottt ettt e e et e e e et e e e 188
8.3.2.1.3  Excavator-mounted VIDIatOrS.........cvuiiiiiiiiiicii e 188
8.3.2.2 Constant SLAtIC MOMENT....... i 189
8.3.2.3 Variable Static MOMENT ... ..ot e 190
8.3.2.3.1  Adjustment With separate SNaftS.........uuuuiiiiiiiiiii e 192
8.3.2.3.2  Adjustment With CONCENTIIC SNAMS .. ..uuviiiiiiiiiii e 193
8.3.2.4 RESONATONS. ...t 194
8.3.25 ClAMPING SYSTEIMS ...ttt ettt et ettt e et e e an et e e et e ettt e e ettt e et e e e ettt e et e e as 194
SRS B2 T I O - [ T oL S OO OO P PP PPTOPPPPPRRRN 194
8.3.2.5.2  TUMING PIATES @NA T-DAIS ...ttt 196
8.3.2.5.3  ArangemENT EXAIMPIES ......uieiiiiiiiiiiii ettt a e 196
8.3.3 JEHHING QIOS. e et 197
8.3.3.1 EXEEINAl JEHING . e 197
8.3.3.2 IEEINIAL JEEHING ettt 198
8.3.3.3 JEEHING PIANT L. e ettt 198
8.3.4 (©70] 1o =) (=Y o 10 aq] oL I U PO U PP PRSP PUPPPRRINt 199
8.3.5 MECHINE TIMITS L.t 200
8.3.5.1 (=T Te (=T cTe [V (Yo FU O TP PR UPP PO TP 200
8.3.5.2 FrEE-NANGING ..ot 201
8.3.6 LT I3 S (T 1 0 P PP PPPPRSPRP R 201
8.3.6.1 Deep compaction With COMPAaCTIoN ProDE .......uuuuiiiiiiiiiiii e 201
8.3.6.2 Deep comMPAaCTION WITN CASING ....vvveiieiiiiiii ettt e e 202
8.3.8.2.1 VB0 COIUMINS ...ttt 202
8.3.6.2.2  ViDro-replacement COIUMNS ... ...coiiiiiiiiiiiiiii ettt ettt e e e et e e eeeeeeaaeaa s e e s e s e s aeaeanees 203
8.3.6.2.2.1 Casing, receiver NOPPEI @NA MESEIVOIN. .. ...iiieiei ittt ettt e e ettt e et e et e e ettt e e aaeeeenneeeas 203
8.3.6.2.2.2 VIDIatiON TiDS 1vvvieiiiiiiiiiiiee ettt e e e e ettt et e et e e e e e e e e e e e 205
8.3.6.2.3  ViIDro CONCIEIE COIUMNS ... uuiiiiiiiie ittt 206
8.3.8.2.3.7 ClOSEA SYSIBIM ..iiiiiiiiit ettt e e et e e e e e e et e e et e e e e e e — e e e e e e e e e e e e a e e e e 206
B.3.8.2.3.2 PN SY S BIM it ittt e e e e e e et e e et e e e e e e e e e e e a b aaeea e 207
8.3.6.2.4  Geosynthetic-encased VIDIO COIUMNS .........uuiii i e 208
9 Applications of deep COMPACLION PrOCESSES ....ciimummeeiriiimmecirirrnnessssrrrnnmesssserrnmnsssssesnnnmnsssssssnnmnnsssessnnnnns 211
9.1 AV o] (o X Tetola o T=1e] 1 o) o I PO P PRSP 211

Table of contents | XV



9.1.1 GIBNEIAL ... 211

9.1.2 [@7e]pq] o=t} el a e g e ST PRSP SPPR 212

9.1.3 COMPACHON METNOTS. ....ci ittt e e e e e e e e ettt e e e e s et e e e e e s ebrbaeeeeaiaees 214
9.1.3.1 STAGEA EXITACTION ...ttt ettt e ettt ettt e et nes 215
9.1.3.2 Compacting and replacing at INTENVAIS .........oiiiiiiie e 216
9.1.3.3 BaCK-StED METNOM ... 216

9.1.4 = laTe Y g aIeTola o T e o) o PO PP PP PPPRTR N 217

9.1.5 [@7e]pq]o = te] i[ola aaTe] 11T 4 ale PRSP SPPR 219

I 2 V| o (o B (=T 0] = o1 0= o | TSRS ST 220
9.2.1 GIBNEIAL ... 220

9.2.2 (@710 0T e [0 T PP OSTSPPPR 222

9.2.3 COMPACHON METNOTS. ... cii ittt e e e s e e e e ettt e e e e st e e e e e st aeeeeaaiaaes 225
9.1.51 Replacement and COMPACTION SCHEMIE .. ..uuiiiiiiiiiiiiiii et e e e e 225
9.1.5.2 Processing sequence for vibro-replacement POINTS........uviiiiiiiiiiieii e 225

9.2.4 (@ U= 372 oe 011 PRSP SRR 226

9.3 Deep compaction With TOD VIDIratOr ... ....uiiiiiiiiiiii et e e e e e e e e e e e e e e e e e e e s 227
9.3.1 Deep compaction with COmMPAacCtioN ProDE .......uuuviiiiiiiiieee e 227

9.3.2 Deep comPaCtion WITN CASING .....vviiiiiiiiii ettt e e 228
9.3.2.1 VDO COIUIMINS .t e ettt et e e e 228
9.3.2.2 VIDrO-replacemMEnt COIUMINS .....ccii it ettt et e e eet e et e e eeaaaaaaaaene e e 228
.3.2.2.1  GBNEIAL .ttt 228
9.3.2.2.2  COIUMN GEIO .ttt ettt ettt ookt a4 h e e e Rt e ettt e e R b e e en e e Rt e et e ettt e e nte e e neee s 228
9.3.2.2.3 Replacement and cOmMpPaction SCREIME ........uviiiiiiiiii e 229
9.3.2.2.4  Processing SequenCe fOr COMPACTION. ... ..uuiiiiiiiiiiii e 229
I S O TV T 1 Yol | (g PSPPSR UPPR TP 230
9.3.2.2.6  Quantity OF fill MBLEMAL .. ..iveiee ettt et e et 231
9.3.2.3 ViDIO CONCIBLE COIUMMNS ...ttt 231
9.3.24 Geosynthetic-encased Vibro columns (GEC).......ccuvviiiiiiiiiiie et 233
.3.2.4.1  GBNEIAL ..ttt 233
9.3.2.4.2 Examples for the arrangement of geosynthetic-encased Vibro CoOIUMNS..........cccvviiiiiiiiiiiiiiiiee e 234
BT G T @ 0] T I PP PROPPRTP 234
0.3.2.4.4  SyStemM OPHIMISATION .. .eiiiiiiiiie et e e e et e e e e e e a e e e e e e e e 235
9.3.2.4.5 Sealing against CONfiINEd GrOUNTAWEATET ..........uieiiiieeiiie et 236

(0 28 3V 3 F=T0 ¢ TTo 3o 0 ] o = T3 Lo o [ 239
O B e Tor s o] T o] [ YT P PRSPPI 239

XVI | Table of contents



10.1.1 OPEAtING PIINCIDIE 1.ttt ettt e et e ettt e et e e ettt e et e e enb e e et e e e nnaee s 239

10.1.2 PIOCEAUE ... et 241

10.1.3 (=T o1 1 1Yo PSP PUPUPUPPRT 242

10.2  Characteristics and appliCation lMIES ........iuuiri i e e e e e e e e s e e e s etaaaae e 244
10.2.1 CRAFACTEIISTICS ...ttt 244

10.2.2 P o] o] 110> i ol T [T g1 PP PP PPPPUSPRP R 245

ORI \V =Tl o1 =Y VAV 11 W =Yo [ U] 0 aT=T o | PP PPPPPTRPR 246
10.3.1 CaTIEr MNACKIINES ...ttt 246

10.3.2 MECHINE TIMITS et 247

10.3.3 LT I3 S (T 1 0 P PP PPPPURPRPR 247
10.3.3.1 DIOPD WBIGNES ettt e et 248
10.3.3.2 REIBASE QDPAIATUS ©.vvviiiiiii ittt a e e e e e e e 248

i I3 =10 Yo I 40 o 7= ot o 1 o = T 4 o) o 251
B B e Yot o o o] [P PPPPPRPTRPR 251
11.2  Characteristics and appliCation lMIES ........ouuiii it e e e e st e e e e s eaaaaae e 252
11.2.1 CRATACTEIISHICS ...ttt 252

11.2.2 P o] o] 110> i ol T [T g1 P PP PPPPRRPRPR 253

IR I\ =T 11 =Y VAV 11 W =Yo [T 0 0= o | PP PPPPPPPTRPR 253
11.3.1 CaTIEr MNACKIINES ...ttt 253

11.3.2 HAIMIMIETS L e et 255

11.3.3 MECHINE TIMITS L.t 255

11.3.4 LT I3 S (T 1 0 P PP PPPPRSPRP R 255

12 Applications of dynamic compaction and rapid impact compaction.......cccccccceiiimeiiinimiccesscsrenec e 257
T2.1 GBNEIAL ...t 257
L2 Sl e ol Yo [V (o greTo] aa] o= o 1{o]o H PSP PPPPPPPURPR 257
12.2.1 POINt-10-POINT SEQUENCE ......iii ittt et e e e e e e e e e e e e e e e e e e nnas 257

12.2.2 Single DaCK-StEP METNO ... ..eiiiiie ettt 257

12.2.3 Double baCk-Step METNOO. ... ...coii it a e e e e e e e e e e e e e 258

12.3  Rehabilitation of @mMDaNKIMENTS........ooiiiii e 258
12,4 Production of Crushed StONE COIUMINS.........viiiiiiiiiiii e e s 258
12.5  COMPACHON Of WASTE L..iiiiiiiiiii et e et e e e e et e e e e e ettt e e e e e e et e e e e s e bbb e e e e e s etaaaaeeeas 260
12.6  \Vertical drains as supporting CONSIIUCHION MEASUIE .......oiuuiiiieeiiiiiie ettt ettt e et e s 261
12.6.1 GIBNEIAI ...t 261

12.6.2 TYPES OF VEITICAI AIrAINS 1iiiiiiiiiei et e et bbbttt et e et e e e et e e e eaeaaaaaaaneas 261

12.6.3 Installation of prefalbriCated AraiNS ........ooiii e 261

Table of contents | XVII



S J 0 =0 [0 4 0 T3 267
13.1

13.2
13.3

13.4

13.5

13.6

Xvii

GIENBIAL. ..t 267
13.1.1 Digitalisation iN CONSTIUCTION .......uiiii ittt e et 267
13.1.2 Digitalisation in deep foundation ENGINEEIING ........iiiiiiiiii e 267
S SUNVBY .ttt e ettt et e ettt oo oottt e e oottt e e e e et e e e e oot e e e e e e e b et e e e e e ettt e et e e e bt e e e e e e et rr e e e e e et raaeeaaaaae 268
[ F=Ta ] T T T O OO PR P TPPPPRPRPPPPP 269
138.3.1 Machine deploymMENT PIANNING ......vii it e e 269
13.3.2 Y VN o 1] 1= PP OUPUOURTSRRN 270
13.3.3 Lifting deploymMeEnt PIANNING .......eeeeie ettt e e 270
13.3.4 SHMUIBEOT ..t h ettt 271
OPEratOr ASSISTANCE SYSIEMIS ... ittt ieeiiiiee et e e e oot e ettt e e e ettt e e e e e bt e e e e e e at b e e e e e e et bt b e e e e e s ittbaeeeeaaaaes 273
13.4.1 REMIOLE CONTIOL ... e 273
13.4.2 CONEIOI IMONITOT .tttk 273
13.4.3 CAMBIA SYSTBIMS .ttt e ettt e et e e oottt e e e e e ettt e e e e s et b e e e e e e et bt e e e e e s e aat e e e e e s sbbbeeeeeaeaees 274
13.4.4 POSITIONING SYSTEIM .ottt e ettt e e et e e e et as 274
13.4.5 ProCess Aata MECOMTING .....viieiiiiiiii ettt e et e e ettt e e e et e e e et as 275
13.4.6 Automatic leader adjUSTMENT ..o 277
13.4.7 CIUISE COMEIOL .ttt h ettt 277
13.4.8 VErtiCAlILY ASSISTANT .1ttt et a e e e e 277
13.4.9 Reference value control for Wet SOIl MIXING «.....vveiiieiii e 277
13.4.10 VIDFO-ASSISTANT ... 278
13.4.11 (@] o1 e= ol =ToToTe 11T I PP O PSPPI 278
13.4.12 FrEe-Tall CONTIOL ... .eiiiii e e 279
13.4.13 AUTOMALIC WINCN CONTIOL.....eitiieii e 279
13.4.14 GroUNd PIrESSUIE ASSISTANT.....uiiiiiiiiiiie e ettt e e e s e e e e s et e e e e e s et b et e e e e s et e e e e e s sbrbaeeesaenees 279
13.4.15 AACNMENT FECOGNITION ..t ettt e et e e e et e e e 280
QUAIITY MNAGEMIENT. ...ttt h ekt b ettt ettt 280
13.5.1 Y VN o o 1] 1= PP OUPUPURURT N 280
13.5.1.1 PIANNING ..ottt e e 281
13.5.1.2  CONSIIUCTION PrOGIESS . vtveittieetiet ettt ettt et e ettt e sttt e ettt e ettt e e e sttt e ettt e e ent e e e et e e e nb e e e anteeeennes 281
13.5.1.83  ProCESS AAta MBPOMING ...veeeeiiiiii ettt e e et e e e e e e 281
T13.5.1.4  NOUIICATONS ..ottt 282
13.6.2 PrOCESS AATA USATE ... ettt e ettt et e e et e e 282
13.5.3 REaI-TIME MONITONNG ..ttt e ettt e e et e e e e eae s 283
e e LRV (= PSP PPPPPTPPPPP 283
13.6.1 MaCHINE INFOMMIBTION ...t 284

Table of contents



13.6.2 NOTITICETIONS ...ttt 284

13.6.3 MEINTENANCE ...ttt 284

13.6.4 =Y 010 o £ PSP PUPUPUPPR 284

13.6.5 TRIESEIVICE ...t 285

14 Technical explanations to the Compendium........ccccceererrirmrmrnrnseeemmecemesssssssssssssssssssseseersrssssssssnsnnnsnsssnsssssss 287
T4.1 CarTiEr MACKINES ...t Lt h ekttt ettt 287
14.2  MIiXING ArVES @NA FOTANY AFVES.....iiuiiiiie ettt e ettt e e e e e e e et e e e et eeeeas 287
G I o) o V] o= 1 (o] £ T PP PPPPPPPRRPR 288
TALA  HAIMMIEIS ettt e E et 288
T4.5  TECHNICAI AATA ...t e et ettt 288
14.51 LEAAEY IBNGIN e 288

14.5.2 Distance from rotational axis to mixing axis, piling axis and compaction point.............cccccvvviiieeiiiinne. 288

14.5.3 EffECHVE IENGEN .. et 288
14.5.3.1 Wet soil mixing and dry SOIl MIXING .....eeveeeei e 288
T14.5.3.2  CULEI SOI MIXING .11ttt eitiete ettt ettt e st e ettt e e st e e e sttt e ettt e e st e e ante e e e nnte e e e nbr e e et e e e nnees 289
14.5.3.3 Deep compaction With TOP VIDIrator ..o 291
14.5.3.4 Deep compaction With VIDIOfIOT ... 292

14.5.4 Vertical leader adjUSTMENT. ..ot 293

14.5.5 BOOM IBNGN e 294

14.5.6 TOUAI NBIGNT. ettt bbbttt 294

14.5.7 HOOK NEBIGNT ettt ettt e e et e et e e e e 294

14.5.8 CaSING ENGEN e s 294

14.5.9 DIOP NEBIGNT ettt 294
14.5.10 [ T=To [ er=T 0= Uo7 11y AP PUPUOUPPRT 295
14.5.11 R TAY AT T L= o 1 P PP PPPPURPRP R 295

T4.6  MACKINE lIMITS ..ttt e et et e e et e et e sttt e et e e e s 295
14.6.1 GIBNEIAL ...t 295

14.6.2 Column diameters and panel measurements for SOil MIXING........covviiiiiieiiiie e 295
14.6.2.1 WVET SOI MMUXING -ttt ekttt e e ettt e e et e e e e ettt e e et e e e as 295
T4.8.2.2 DY SO IMIXING .ttt e et e 4ottt e 4ot e e e et e e e et e e et e s 296

N 2 B OV 1 (=T ~Yo ) I o114 Lo TSP PTPP 296

14.6.3 Column diameters for deep compaction with top VIDrator.........ccvvvieiiiiiiii e 296

14.6.4 Column diameters for deep compaction with VIDroflot ..o, 296
14.6.4.1 Leader-guided with dry bottom feed VIDrOfIOL. ..o 296

14.6.5 Mixing depths fOr SOIl IMIXING ......veeei et e e 296

Table of contents | XIX



14.6.5.1 WVBT SOI MIXING -+ttt e ettt e ookttt e e ettt e e e et e e e e et e e e e s 297

T4.8.5.2 DY SOl IMIXING 1.1ttt e ettt e oottt e ookt te e e et e e e et e e e et e e 299

R GRS I O U1 (= o ~Yo 1 I a1 Lo T PRSP PPP 300

14.6.6 Vibration depths for deep compaction with top VIbrator............coooiiiiiiiii 300

14.6.7 Penetration depths for deep compaction with VIBroflot ... 302

14.6.8 oY= o Jez=T 0= (o7 1|V PP UPUSUSR N 303

14.6.9 Crowd fOrce and PUIIFOICE ...uviiiiiiiiiie e e e e e e e e e s b e e e e e 303

14.6.10 LINE PUITKEIY WINCK 11ttt et et e e e e e e e e aaa e e e e e e e aenaes 305

TA.7 COlOUIN SCNEIME ...tttk bbbttt ettt 305

R =T =T T =T 307

XX | Table of contents



5 Cutter soil mixing

The previously described soil mixing processes have been in
development since the 1950s [14]. One considerably younger
soil mixing process is cutter soil mixing, which was derived from
diaphragm wall cutting technology at the start of the 2000s [43].

Suspension hose

Kelly bar

Carrier machine

Cuttel

Fig. 5.1: Process principle of cutter soil mixing

This hybrid technique combines the existing experiences of soil
mixing with the newest experiences of cutting technology for
the excavation of diaphragm walls.

In this process, the soil is loosened by rotating cutter wheels
and mixed with self-hardening binder suspension. The binders
used are predominantly cement or cement-bentonite mixed to
a suspension with water, plus additional materials (fly ash) or
admixtures (plasticiser, retarder) when necessary.

The principle of cutter soil mixing is that the soil matrix is
mechanically broken by the cutter wheels, which are fitted with
cutting teeth, and the soil is mixed with the binder suspension
in order to achieve a homogeneous soil mortar. The main dif-
ference from the previously described wet and dry mixing pro-
cesses is that the mixing tools rotate around a horizontal axis.
This means that cutter soil mixing produces soil mixing elements
with a rectangular cross-section.

5.1 Process principle

The mixing equipment for cutter soil mixing consists of a Kelly
bar and a mixing tool. The mixing tool is a cutter with cutter
wheels driven by hydraulic motors mounted inside the roller-
shaped cutter wheels. The mixing tool, also called a cutter
mixing head, is fitted to the rectangular Kelly bar.

Soil mixing elements are formed in the following working
steps, see Fig. 5.2.

To contain excess suspension, it is advisable to excavate a
retaining trench before the start of cutting work.

The mixing equipment is positioned in the wall axis and the
cutter mixing head is lowered steadily into the soil. The prevail-
ing soil matrix is broken up mechanically by the cutter wheels.
Binder suspension is injected through an injection pipe fitted
between the cutter wheels from the start. Due to the counter-
rotation of the cutter wheels, an initial partial mixing with the
thus liquidised soil is achieved, and the material is conveyed
over the cutter mixing head.

The direction of rotation of the cutter wheels can be
changed but they should preferably always counterrotate to
ensure uniform mixing. The scraper plates mounted between
the cutter wheels have the function of scraping soil from the
wheels in order to improve the mixing process in particu-
larly cohesive soil. The counterrotating cutting teeth ensure
so-called compulsory mixing.

After the final depth has been reached, mixing of the soil con-
tinues as the cutter mixing head is withdrawn. During extraction
of the tool, the soil-binder mixture above the cutter mixing head
is conveyed under the cutter mixing head by the rotating cutter
wheels. With continued defined addition of binder, the mixed
soil mortar is mixed through for a second time, creating a homo-
geneous soil-mortar panel.
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Cutting in of the mixing
equipment while adding
suspension

Positioning at the
mixing point

Fig. 5.2: Procedure for cutter soil mixing

The soil-binder mixture remains as a plastic soil mass until the
end of the mixing process so that it is possible to lower and
extract the cutter mixing head.

Repetition of the cutter soil mixing process and overcut-
ting of adjacent panels produces wall elements of mixed soil.
The cross-sectional size of the panels in a soil mixing element
corresponds to the dimensions (length, width) of the deployed
cutter mixing head with its cutter wheels. The width of the
cutter mixing head determines the wall thickness. Typical wall
thicknesses produced by cutter soil mixing vary between 450
and 1,200 mm.

It is not necessary to construct a guide wall, as is required
for a diaphragm wall. In many cases, it can however be
necessary to use a previously prepared guide in the form of a
cutting template in order to ensure exact positioning of the cut-
ter mixing head. This can be made of cast-in-place concrete
as for bored piles or in the form of heavy steel beams, see
Fig. 5.3. Such a cutting template is mostly used where the
width of the working space is restricted or next to existing
buildings.

Cutter soil mixing is an economic process used in the pro-
duction of retaining and cut-off walls as a ground improvement
measure or as a foundation element, for example, as a sin-
gle trench panel element (barrette pile), since the soil can be

80 | 5 Cutter soil mixing

Mixing of the soil with
continued injection of
suspension down to
final depth

Withdrawal with
continued mixing and
injection of suspension

Completed soil-mortar
panel, if necessary
insert reinforcement

used as a construction material and scarcely any soil has to
be removed.

The carrier machines used can reach great depths and
rapid progress is possible with this process so that daily rates
of up to 300 m2 can be achieved.

Fig. 5.3: Cutting guides of steel beams (a) and of cast-in-place concrete (b)



It is possible to check and control the verticality and posi-
tional accuracy of the trench during the mixing process. For
this purpose, the mixing equipment is fitted with two incli-
nometers to measure deviations in two axes. Any deviations
are displayed on a screen in the operator’s cabin and can
be immediately detected and corrected. Since it is possible
to monitor the inclination and thanks to the counterrotation
of the cutter wheels, wall elements can be constructed with
great precision.

Due to the slender construction of the cutter mixing head
housing, the rotating cutter wheels are always in immedi-
ate contact with the surrounding soil, which is beneficial for
thorough mixing in the penetration and withdrawal phases.
This means that the cutter wheels can cut themselves out,
which reduces the danger of jamming during withdrawal and
demands less lifting force.

5.2 Characteristics and application limits
5.2.1 Characteristics

— High productivity

— No guide wall necessary

— Variable arrangement of the panels

— Rapid and flexible progress

— Vibration-free

— Little effect on the environment

— Can be used in contaminated soil (little soil removal)
— Good verticality of the panels

— No aggregates needed (e.g. sand, gravel)

The strength of the soil mixing panels that can be achieved
depends on the type and quantity of binder injected and the
soil properties. Above all, when the soil properties are unknown,
trial panels should be constructed in advance to optimise the
formula of the suspension. As a rough guide, the following binder
suspension formulas and uniaxial compressive strengths can be
assumed:

Tab. 5.1: Examples of suspension formulas [99]

v}

Fig. 5.4: Cutter mixing head, schematic side view (a) and cutting into the
soil (b)

Fig. 5.5: LRB 355 with cutter soil mixing equipment

Retaining wall/foundation element

Cut-off wall
Cement 200 — 450 kg/m? suspension
Bentonite 15 — 30 kg/m3 suspension
w/c ratio 2.0-4.0 05-1.0

600 — 1200 kg/m? suspension
15 — 30 kg/m? suspension

Tab. 5.2: Examples of characteristic values of soil mixing panels

Cut-off wall Retaining wall/foundation element
Compressive strength | 0.5 — 1.5 MN/m2 2 —12 MN/m2
Permeability <1x108m/s -

5 Cutter soil mixing
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Fig. 5.6: Two LRB 155 during cutter soil mixing

If required, reinforcement elements such as steel beams or sheet
piles can be inserted in the fresh soil mixing panels, see Fig. 5.8.
This produces a structurally effective retaining system.

Fig. 5.7: Cutter soil mixing with LRB 255
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Fig. 5.8: Steel beam as a reinforcement element: insertion (a) in a structurally
effective retaining wall (b)

5.2.2 Application limits

The limits to application are posed both by the machinery used
and the prevailing ground conditions.

Suitable soils for cutter soil mixing are, in particular, loosely
to medium densely stratified sand-gravel mixtures. Silty sands
are also well suited. The cutting technology can however also
loosen and mix densely stratified non-cohesive and very stiff
cohesive soils, as well as coarse-grained gravels and crushed
stones. Application is also possible in contaminated soils as
long as the contents of the soil do not affect hydration of the
binder, in which case longer mixing times and correspondingly
larger quantities of binder have to be expected. In general,
appropriate qualification tests are necessary to determine the
mixing parameters for the construction of soil mixing panels in
contaminated soils.

5.3 Machinery with equipment
5.3.1 Carrier machines

Carrier machines of the LRB and LB series are used in cutter
soil mixing. The entire mixing equipment consisting of a rect-
angular Kelly bar and the cutter mixing head is mounted to the
leader through upper and lower guides. The upper and lower
guides form the interfaces between carrier machine and mixing
equipment and are also described as upper Kelly guide and
lower Kelly guide.



5.3.1.1 With top drive (TD)

In the TD (Top Drive) version, the upper end of the Kelly bar ter-
minates at the Kelly head, which is flanged rigidly to the Kelly bar.
The Kelly head is fixed with a pin through a socket connection at
the upper Kelly guide. The upper Kelly guide is connected to the
carrier machine’s leader through the crowd sledge. The maxi-
mum effective length and thus also the mixing depth depend on
the length of the Kelly bar segments, which can be installed up
to the upper Kelly guide, and consequently also on the length
of the leader. Since the Kelly bar segments are only available in

Upper guide

Kelly bar

Lower guide

Cutter mixing head

standardised lengths and can only be installed accordingly, the
maximum effective length cannot be fully exploited in every con-
figuration. For this reason, the usable length is given for each
largest possible Kelly bar configuration.

With top drive, the lower Kelly guide can be mounted as a
fixed or a rotating version. While both fixed and rotating Kelly
guides can be used with carrier machines of the LRB series,
only the rotating version is used with carrier machines with
rigid leader which cannot be rotated (LB series, LRB 23 and
LRB 355).

Leader top for Kelly rope

Leader top for auxiliary rope

Crowd winch
Auxiliary winch

Leader

Carrier machine
(e.g. LRB 255)

Fig. 5.9: Carrier machine of the LRB series with top drive (TD) and fixed Kelly guide

Tab. 5.3: Technical data of LRB series with top drive (TD) and fixed Kelly guide

Machine | Leader length | Max. effective | Usable length | Vertical leader | Distance from rotational | Distance from mixing axis
[m] length [m] [m] adjustment [m] | axis to mixing axis [mm] | [mm]
A= B1 = B2 = Cl= D= E = to front F = to front edge of
above ground | above ground | above ground edge of leader | lower Kelly guide
LRB 125 12.8 15.2 12.6 5.0 3125 620 260
LRB 125 XL | 14.9 17.2 16.6 5.0 3125 620 260
LRB 16 12.8 15.8 12.6 5.0 3125 620 260
LRB 18 14.9 17.7 16.6 5.0 3125 620 260
18.2/21.2/ 18.6/21.6/ 17.6/20.6/
LRB 155 249 246 236 34 3595 620 260
21.2/24.2 21.0/24.0/ 20.6/23.6/
RAE 27.2/30.2 27.0/30.0 26.6/29.6 S S e gel
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Upper guide

Kelly bar

Lower guide

Cutter mixing head

Fig. 5.10: Carrier machine of the LB series, LRB 23 und LRB 355 with top drive (TD) and rotating Kelly guide

Tab. 5.4: Technical data of LB series, LRB 23 und LRB 355 with top drive (TD) and rotating Kelly guide

Leader top for auxiliary rope
e Auxiliary winch

Leader

Carrier machine

(e.9. LRB 355.1)

Machine | Leader length | Max. effective | Usable length | Vertical leader | Distance from rotational | Distance from mixing axis
[m] length [m] [m] adjustment [m] | axis to mixing axis [mm] | [mm]
A= Bl = B2 = Cl1= D= E = to front F = to front edge of
above ground | above ground | above ground edge of leader | lower Kelly guide
LB 35 21.4/23.4 20.5/22.5 19.6/21.6 - 3910 810 460
LB 45 21.4/23.4 20.6/22.6 19.6/21.6 = 3910 810 460
LB 55 26.0/29.0 24.0/27.0 23.6/26.6 - 4210 810 460
LRB 23 21.9 23.6 22.6 3.0 3410 810 460
LRB 355.1 | 22.2/27.2 22.7121.7 22.6/27.6 3.2 4110 810 460

|

-

Fig. 5.11: LRB 255 with cutter soil mixing equipment
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Fig. 5.12: Cutter soil mixing with LRB 155
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5.3.1.2 With hollowed top guide drive (HTGD)

In the HTGD (Hollowed Top Guide Drive) version, the upper
end of the Kelly bar is not connected with the upper Kelly
guide through a Kelly head. The upper Kelly guide is passed
through and is provided with an additional holding device.
An extended Kelly bar is pushed through the upper Kelly
guide and clamped. In the HTGD version, the Kelly bar
projects above the leader head of the carrier machine and
thus enables greater effective lengths and therefore deeper

F»* E

mixing depths. With this version also, the Kelly bar segments
are installed in standardised lengths so that the full effec-
tive length cannot always be exploited. For this reason, the
usable length is given for each largest possible Kelly bar
configuration.

In the HTGD version, a fixed guide with a clamping device
is used as the lower Kelly guide. Therefore, application of
the HTGD version is restricted to carrier machines of the
LRB series with a leader that can be rotated.

Leader top for auxiliary rope

Crowd winch
Auxiliary winch

Upper guide

Leader

Kelly bar

Lower guide

Carrier machine

Cutter mixing head (e.9. LRB 255)

Fig. 5.13: Carrier machine of the LRB series with hollowed top guide drive (HTGD) and clamping device

Tab. 5.5: Technical data of LRB series with hollowed top guide drive (HTGD) and clamping device

Machine | Leader length | Max. effective | Usable length | Vertical leader | Distance from rotational | Distance from mixing axis
[m] length [m] [m] adjustment [m] | axis to mixing axis [mm] | [mm]
A= B1 = B2 = C1= D= E = to front F = to front edge of
above ground above ground | above ground edge of leader | lower Kelly guide
LRB 155 | 18.2/21.2/24.2 | 28.8/31.8/- 28.7/31.7/- | 3.0 3945 970 330
21.2/24.2/27.2/ | 31.2/34.2/ 29.7/33.7/
LRB 255 309 37.9/40.9 36.7/39.7 3.0 4195 970 330
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5.3.2 Kelly bars and Kelly guides

5.3.2.1 Kelly bars

The Kelly bars used in cutter soil mixing differ completely from
those used in Kelly drilling. The Kelly bar is generally made as
a mono Kelly bar, i.e. not telescopic.

The rectangular Kelly bar specially developed for cutter
soil mixing comprises the base element, the lower Kelly bar
and depending on the chosen configuration, several elements
installed one above another to form the intermediate Kelly bar.
In the TD version, the Kelly bar has a Kelly head at the top. In
the HTGD version, an upper Kelly bar is used instead of the
Kelly head. The individual Kelly bar segments are connected
firmly and rigidly to each other at their flat end surfaces. This is
absolutely necessary since high bending moments can occur
in the mounted Kelly bar, especially during assembly and
withdrawal.

Before starting work, the Kelly bar is assembled for the
appropriate depth depending on the machine configuration
being used. The lower Kelly bar is designed with a fixed length
of 11 m, while the intermediate Kelly bar can be installed in
various lengths between 3 and 10 m. With the HTGD version,
the upper Kelly bar also has a fixed length of about 12 m.

All supply hoses and cables (hydraulic, electrical and
suspension hoses) run protected inside the Kelly bar to the
cutter mixing head, see Fig. 5.16. Accordingly, when a Kelly
is extended the supply hoses and cables also have to be
extended.

Fig. 5.15: Kelly bar und cutter mixing head before
lifting
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Fig. 5.16: Kelly bar with internal supply hoses

Lower Kelly bar

Intermediate Kelly bar

Kelly head 8

a b c

Fig. 5.14: Kelly bar consisting of lower Kelly bar (a), intermediate Kelly bar (b)
and Kelly head (c)

Fig. 5.17: LRB 255 with clamping
device



Fig. 5.18: LRB 355 with cutter soil mixing equipment

5.3.2.2 Kelly guides
The upper and the lower Kelly guides form the interface between
leader and Kelly bar.

Depending on the version used, the upper Kelly guide is
connected to the Kelly bar and positively locked (with pins) in
the top drive version, or clamped firmly in the case of the hol-
lowed top guide drive.

This makes it possible to transfer crowd and pull forces from
the carrier machine to the Kelly bar and thus also to the cutter
mixing head. The upper and lower Kelly guides also prevent the
cutter mixing head deviating and thus ensure accurate working.

In the TD version, two different types of Kelly guide are dis-
tinguished. The fixed version is preferred with rotating leaders,
or when the mixing equipment is not required to rotate during
construction.

Rotation of the mixing equipment, for example in order to
carry out corner connections, can usually be carried out by
means of the leader rotation capability of the carrier machine.
With LRB series carrier machines, the leader can be rotated
+/- 90°. In this case, the fixed version of the lower Kelly guide
can be used, see Fig. 5.19.

Two exceptions to this are the carrier machines LRB 23 and
LRB 355, which have no leader rotation capability.

In case rotation of the leader is not possible or the rotating
range of the leader cannot by exhausted, the lower Kelly guide
is equipped with a special hydraulic rotating device to rotate
the mixing equipment. With this rotation capability, the Kelly bar,
which is fixed with clamping bars, can be rotated by +/- 110°. In
this case, the Kelly head is supported permitting rotation at the
pin of the upper Kelly guide and the lower Kelly guide is directly
fixed to the leader through an adapter, see Fig. 5.20.

In the HTGD version, the lower Kelly guide is designed as
fixed version. The upper and lower Kelly guides are provided

with clamps, which means the Kelly bar can be reclamped with-
out problems. With this version, rotation of the entire mixing
equipment is only possible when a carrier machine with a rotat-
ing leader is used, see Fig. 5.21.

a b

Fig. 5.20: Rotating Kelly guide (TD): upper guide (a) and lower guide (b)

Fig. 5.21: Fixed Kelly guide with clamping device (HTGD): upper guide (a)
and lower guide (b)
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5.3.2.3 Configurations

The individual Kelly bars are equipped for cutter soil mixing with
the appropriate Kelly guides depending on requirements and
the carrier machine used. The following systems can be used,
also shown in Fig. 5.23:

— Kelly bar with top drive (TD) and fixed Kelly guide

— Kelly bar with top drive (TD) and rotating Kelly guide

— Kelly bar with hollowed top guide drive (HTGD) and fixed
Kelly guide with clamping devices

The following Tab. 5.6 shows the scope of application of the var-
ious Kelly guides for carrier machines of the LRB and LB series
used with top drive (TD) or hollowed top guide drive (HTGD).

Fig. 5.22: LRB 255 with TD version, fixed (a), with HTGD version (b) Fig. 5.23: Configurations: TD version, fixed (a), TD version, rotating (b) and
HTGD version with clamping device (c)

Tab. 5.6: Attachment possibilities for various Kelly guides

Type Fixed Kelly guide Rotating Kelly guide Kelly guide with clamping device
Lb) LRB 125, LRB 125 XL, LRB 16, LRB 18, LRB 125, LRB 125 XL, LRB 16, LRB 18,
LRB 155, LRB 255 LRB 155, LRB 23, LRB 255, LRB 355.1,
LB 35, LB 45, 1B 55
HTGD LRB 155, LRB 255
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8 Deep compaction with top vibrator

Deep compaction with top vibrator is another form of ground
improvement to increase the load-bearing capacity of the pre-
vailing ground for construction purposes.

The properties of the soil are improved by compaction from
a top vibrator acting on the piling element, either directly or with
addition of extraneous material.

Compaction of non-cohesive (coarse-grained) soils is carried
out by deep compaction, with compaction probes or beams
being driven into the ground using a top vibrator. The compac-
tion results from vertical oscillations generated by the vibrating
top vibrator. Waves are propagated into the surrounding soil
through the skin and tip of the compaction probe or beam and
act on the surrounding soil in the form of shear stresses. The
void ratio of the grain structure is reduced under the effect of
vibration so that the soil that is suitable for compaction can be
redistributed into a soil with higher density. The process of deep
compaction with top vibrator, in which compaction probes are
vibrated into the soil in order to compact it, was developed in
the 1970s as an alternative to vibro-compaction [98] and is reg-
ulated in the European standard EN 14731 [35].

On the other hand, cohesive soils and sands with high silt
or clay content can be compacted only very poorly by vibration
with a compaction probe or a beam, or not at all. The greater
the cohesion of the cohesive solil, the less the soil grains can be
redistributed and thus compacted.

However, in fine-grained soils, a load-bearing column of
gravel, sand or crushed stone can be installed by adding extra-
neous material. The column increases the stiffness of the soil
and thus improves the load-bearing capacity. Improvement of
cohesive soils is carried out with deep compaction processes,
in which a temporary casing is vibrated into the soil using a top
vibrator for the purpose of producing continuous load-bearing
gravel columns in order to compact the surrounding soil. This
process is called vibro-replacement.

Further deep compaction processes have been developed
from vibro-replacement with top vibrator over the years; these
are processes for the installation of vibro columns, hydraulically
bound vibro-replacement columns, geotextile columns and vibro
concrete columns, with the intention of making the columns
stronger.

The difference between conventional vibro-replacement with
coarse-grained extraneous material and hydraulically bound
vibro-replacement columns is mainly the type of material added
and sometimes also the method of installation. With conven-
tional vibro-replacement, the load-bearing gravel columns are
mainly supported by the surrounding soil. In very soft soils with
low shear strength, in which no support can be activated to the
sides by the surrounding soil, the inner bond of the gravel col-
umn can be strengthened by the addition of hydraulic binders
or also the use of concrete. The installation of mortared vibro-
replacement columns or vibro concrete columns produces

foundation elements similar to piles, which can bear compar-
atively high loads.

Another method of strengthening vibro columns or vibro-
replacement columns is to produce geosynthetic-encased col-
umns. In this case the sand or gravel columns are additionally
reinforced with the installation of geotextiles around the column.
In this way the shear forces of the columns are increased and
higher loads can be transferred by the columns without addi-
tional deformation.

The processes of producing sand or gravel columns, vibro-
replacement columns, hydraulically bound vibro-replacement
columns, vibro concrete columns and geosynthetic-encased
columns can be carried out both in cohesive and non-cohesive
soils. In non-cohesive soils, the displacement effect of casing
installation has an additional compaction effect on the surround-
ing soil.

8.1 Process principle

8.1.1 Mechanical principles of vibration

8.1.1.1 Basic principle

The basic principle of vibration as a construction method is the
application of vibration to the soil to be compacted. The vibra-
tion is produced by periodic oscillations. These are produced
by a top vibrator (also called vibratory hammer or vibratory
pile driver), which depending on the construction type can be
free-hanging, leader-guided or attached to a hydraulic excava-
tor. The top vibrator generates axial oscillation, which is trans-
ferred to the piling element. This is in contrast to the action of
vibroflots as described in Chapter 7, which generate horizontal
oscillations, see Fig. 8.1.

g7c 508

U oU

|

a AR b

Fig. 8.1: Orientation of oscillations of a top vibrator (a) and of a vibrofiot (b)
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The piling element is mechanically connected to the top vibra-
tor with a clamp (see Fig. 8.2). This is firmly bolted to the vibra-
tor and can be opened hydraulically in order to introduce the
piling element. When the clamp is closed, the exciter block of
the vibrator, the clamp and the piling element form a rigid body.

Exciter block

Piling element

Fig. 8.2: Vibrator-piling element-soil system
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This is vibrated by the forces exerted by the vibrator. In a few
rare cases, the piling element is directly bolted to the vibra-
tor without a clamp. As soon as the piling element comes into
contact with the soil, oscillations from the piling element are
transferred into the soil. The grain structure of the soil, which is
in immediate contact with the piling element, is changed into a
“pseudo-liquid” state, i.e. the friction between the soil grains is
considerably reduced [63]. This results in considerably reduced
resistance to friction and displacement, which eases the pene-
tration of the piling element, which then penetrates into the soil
under its self-weight, the weight of the vibrator and any addi-
tional surcharge.

Surcharge for free-hanging vibrators is applied with ballast
slabs, which are bolted to the vibrator. When the vibrator is
leader-guided, surcharge can be applied by using the crowd
system. Vibrators mounted on hydraulic excavators can be
loaded using the action of the excavator boom.

8.1.1.2 Generation of oscillation
The oscillation is generated using rotating eccentric masses,
which are housed inside the so-called exciter block of the vibra-
tor. The exciter block is mounted to the carrier machine through
the so-called spring yoke (also described as a pulling yoke or
oscillation isolator). Between the spring yoke and the exciter
block are elastomers, which serve to isolate the oscillation.
The elastomers behave relatively softly in the range of working
frequencies of the vibrator, so that scarcely any oscillation is
transferred from the exciter block to the spring yoke. The name
“spring yoke” dates back to the first years of vibrator develop-
ment, when steel springs were used to prevent the propagation
of oscillation between the exciter block and the carrier machine.
The eccentric masses are massive steel discs, which have
teeth around the perimeter on one side to connect them with
the drive. They have considerably less material on one side,
so the centre of gravity lies outside their rotational axis. With
steel discs, this is achieved by cutting or sometimes also drilling
holes, see Fig. 8.3a. Another method of increasing the distance
between the centre of gravity and the rotational axis is the use
of inserts made of metals with a higher density than steel (for
example tungsten), see Fig. 8.3b.

o

Fig. 8.3: Eccentric mass made of steel (a), with heavy metal inserts (b)



One exception to this type of oscillation generation are so-called
resonators. Resonators are top vibrators, which use a mass
with linear movement to generate oscillation instead of rotating
eccentric masses. This mass is moved up and down hydrauli-
cally at a high frequency. Details of oscillation generation with
resonators follow in Section 8.3.2.4.

8.1.1.3 Motion of the piling element

For a better understanding of the vibration process, it is
helpful to consider the motion of the piling element. First, it
is necessary to introduce several path coordinates, as are
shown in Fig. 8.2. All the path coordinates are positive in
the penetration direction of the piling element, they increase
with depth.

The path coordinate x represents the local position of the
exciter block. When the vibrator generates oscillations, the pil-
ing element moves alternately upward and downward about
its rest position due to the harmonic oscillation. The rest point
is denoted by x,. Fig. 8.4 shows an example curve of the local
piling element motion for the freely oscillating system. Freely
oscillating means that the spring yoke remains in its position,
i.e. the vibrator hangs from the carrier machine without any
crowd or pulling motion. The periodic up and down motion of
the rigid body of exciter block, clamp and piling element can
be represented by a sine function. Fig. 8.4 shows this motion
for one oscillation period with a continuous line. The magni-
tudes of the values of x lie in the range of millimetres up to a
few centimetres.

Cycle duration

Path x v

Fig. 8.4: Local motion of the piling element for free-hanging system

Another path coordinate is the path coordinate y. This gives
the global position of the exciter block and shows the penetra-
tion depth of the piling element. The zero level is normally the
working level of the carrier machine. If values are specified for
the vibration depth in the planning and execution of vibration
works, then these are equivalent to values of the global posi-
tion y. Fig. 8.5 shows an example of a path-time curve of the
global piling element motion while the piling element is vibrated
into the soil.

Time t

Path y v

Fig. 8.5: Global motion of the piling element during vibrating in

The path coordinate z gives the absolute position of the exciter
block. This is the sum of the local and the global positions:
z=x+x,ty [m] 8.1)
While a piling element is driven into the soil, the local and global
piling element motions are superimposed, resulting in the abso-
lute piling element motion. This means that the vibrator gen-
erates oscillations and the exciter block, the clamp and the

piling element move up and down periodically. At the same
time, a crowd motion is generated by the spring yoke. When

Fig. 8.6: LRB 23 with LV 36
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the oscillations transferred into the soil by the piling element
sufficiently reduce the friction between the soil grains, this
results in a crowd motion due only to the self-weights of the
vibrator and the piling element. For this purpose, the hanging
of the spring yokes at the carrier machine has to be corre-
spondingly “unlocked”, i.e. in the case of a leader-guided
vibrator, the crowd sledge is lowered, or in the case of a
free-hanging vibrator, the tension rope of the lifting device is
loosened and in the case of an excavator-mounted vibrator,
the excavator boom is lowered. Moreover, the crowd motion
(= global piling element motion) can be supported by apply-
ing a surcharge.

Fig. 8.7 shows an excerpt of a typical absolute piling ele-
ment motion as the object is driven in. This modelling of the
piling element motion corresponds to the motion type called
slow vibratory pile driving according to [41]. Further details of
vibratory pile driving motion types can be found in [80], [84]
and [41].

The continuous line in Fig. 8.7 shows the motion curve
for one oscillation period, consisting of a downward motion
(= penetration) and an upward motion (= extraction) of the pil-
ing element. The downward motion of the piling element starts
at the upper turning point O at time ¢ at position z. It ends at
the lower turning point 2 at time ¢, and at position z,. The tip
of the piling element is not yet in contact with the soil at the
start of the downward motion. It only enters the soil at point
1 (time ¢, position z,) and deforms and displaces it. When
the tip of the piling element reaches the lower turning point 2
(time £,, position z,), contact with the sail is lost and the piling
element is extracted from the soil again. The upward motion
ends at the upper turning point 3 at time ¢, and at the position
z, and the oscillation period has ended. Then a new downward
motion starts, the starting point of which is displaced down-
ward by an irreversible penetration downward. This irreversible
penetration corresponds to the difference z, - z.

t t t t

0 1 2

Cycle duration

Pénetration Extraction

Soil contact

Fig. 8.7: Absolute motion of the piling element during vibrating in
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The described simplified model assumption is applicable
particularly in non-cohesive soils. In cohesive soils, the tip of
the piling element does not always directly lose contact with
the soil at the lower turning point but rather later during the
upward motion.

In summary, it can be stated that the motion curve of the
piling element under vibration is very different to the motion
curve for impact driving and pressing due to the periodically
repeated extraction. This is very important, particularly regard-
ing the comparability of the processes concerning various
properties such as the load-bearing capacity of the piling ele-
ment or pile driving energy. Further information about this can
be found in [84].

8.1.1.4 Parameters

8.1.1.4.1 Static moment

The static moment of an eccentric mass can be calculated from
the product of its mass and the distance of its centre of gravity
from the rotational axis, see Equation 8.2 and Fig. 8.8.

stat,u = mu ’ ru [kgm] (82)
with M, . static moment of eccentric mass [kgm]
m; mass of the eccentric mass [kg]
r distance from centre of gravity to rotational

u

axis [m]

Fig. 8.8: Eccentric mass with distance from the centre of gravity to the
rotational axis

The term “static moment” is actually imprecise, but it has
become accepted as such among manufacturers of vibrators
in the deep foundation business. In engineering mechanics, the
neutral term is “static unbalance”. The static moment is normally
given in the unit kilogram metre and is an important character-
istic of vibrators, which has to be considered when choosing
the optimal size of vibrator. The statement of a static moment
always refers to the total static moment for the vibrator, that is
the sum of the static moments of individual eccentric masses,
see Equation 8.3:

Mytatz Z Mstat,u,i [kg m] (8 . 3)



8.1.1.4.2 Exciter force

The force produced by the rotation of an individual eccentric
mass is its centrifugal force. This is directed radially outward
from the rotational axis and thus continuously changes its
direction with the rotation of the eccentric mass. In order to
obtain a vertically directed oscillation for vibration, several
equally sized eccentric masses, which rotate in opposite
directions, are mounted in the vibrator. Due to the counter-
rotation, the horizontal components of the centrifugal forces
balance each other out, whereas the vertical components
add together. This creates the vertically directed exciter force,
see Fig. 8.9.

w

<

82

FE
Fig. 8.9: Counterrotating eccentric masses with the resulting forces

F=YF =F,  sin(w 1 [N

Zvi

(8.4)

with F. exciter force [N]
F ... maximum exciter force [N]
FZ’: centrifugal force [N]
F b horizontal component of the centrifugal force [N]
F_: vertical component of the centrifugal force [N]
t time [s]
w: exciter angular frequency [rad/s]

The exciter force Fe changes continuously with rotation, result-
ing in a harmonic oscillation. The maximum value of the exciter
force F, (also called the exciter force amplitude) is the prod-

uct of the static moment and the square of the exciter angular
frequency:

e,max sztat ’ a)z [N] (85)
with Fe’m. maximum exciter force [N]
M, static moment [kgm]
w: exciter angular frequency [rad/s]

As shown in Equation 8.5, the maximum exciter force increases
quadratically with increasing rotational speed. If it was possi-
ble to operate a vibrator with a very fast rotational speed, then
the exciter force would also be very large with a small static

moment. In practice, however, this is not advisable for sev-
eral reasons: for one thing the centrifugal force of individual
eccentric masses increases so strongly with increasing rota-
tional speed that the bearings would be overloaded in the long
term. Also, not only the exciter force but also the frequency
(and thus the rotational speed) is decisive for effective vibra-
tion. The frequency has to be adapted to suit the relevant soil
type, and particularly with deep compaction with compaction
probe, the effective frequencies are in a relatively low range of
around 15 Hz [66].

8.1.1.4.3 Frequency
The exciter angular frequency w (also called the angular velocity)
is determined by the frequency £

w=2-7f [rad/s] (8.6)
and the frequency f can also be described depending on the
rotational speed n:

n

=4 1 8.7)

with n: rotational speed [1/min]

The control of the frequency has a decisive influence on the
quality of vibratory pile driving. If the highest possible penetra-
tion or extraction rate is to be achieved in non-cohesive soil,
then the frequency should be set as high as possible [67]. If
the frequency is set to the resonance frequency of the system
(vibrator-piling element-soil system), then a resonance can be
achieved, which results in an intensification of the oscillations.
This principle is exploited in deep compaction with compaction
probe [66].

The achievable frequencies of vibrators are — depending on
the construction type of the vibrator — up to about 55 Hz, with
the higher frequencies only being possible with small vibrators
(mostly as excavator attachments).

8.1.1.4.4 Peak-to-peak amplitude

Another important factor is the peak-to-peak amplitude S. This
denotes the distance between the two turning points (upper
and lower position) of the oscillating system and can be calcu-
lated as follows:

2 .Mml
S=—m—" [m]

m dyn

(8.8)

[t should be noted here that the total mass of the oscillating
system (also called the dynamic mass) m, is composed of
several components:

dyn

mdyn - mvibl‘atm'

kal (8.9)

+
piling element msoil
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The mass of the vibrator m , included in Equation 8.9 does
not relate to the total mass of the vibrator. It consists of the
mass of the oscillating parts of the vibrator, that is the mass of
the exciter block and the mass of the clamping system, which
can also consist of several parts (e.g. double clamps, turning
plate, T-bars). The values of these masses are normally avail-
able from the manufacturer's information and can be quickly
determined.

The mass of the piling element M clemeniCED also be easily
determined; tables are normally available with the correspond-
ing weight data.

The determination of the mass of the soil that also oscillates
m_, is considerably less precise. It can only be roughly esti-
mated for the planning of vibration works. As an estimation, the
following values can be used [63]:

Moo ™ % ’
1

2 (mvibmtor—‘r

for sheet piles

+
(mvibmtor mpiling element)

M clement ) for concrete piles
The peak-to-peak amplitude is an important parameter in rela-
tion to the achievable pile driving progress. Only when the peak-
to-peak amplitude reaches a minimum can the soil sticking to
the piling element be loosened and the piling element start to
move. This applies particularly in cohesive soil, in which a larger
peak-to-peak amplitude is correspondingly advantageous. For
productive vibrating, the peak-to-peak amplitude should always
be at least about 6 mm [63], [47].

With regard to the peak-to-peak amplitude, it should be
noted that this is often confused with the peak amplitude. The
peak amplitude A4 is half the peak-to-peak amplitude S, see
Equation 8.10 and Fig. 8.10:

A=% S [ (8.10)
T T
| |

=

T Time t
A

Path x v

Fig. 8.10: Peak-to-peak amplitude and peak amplitude

Particular care should be taken to avoid this possible confusion
in manufacturer's information sheets, above all when these are
in English, since only the term “amplitude” is used in English.
When choosing a suitable vibrator, it is necessary to differentiate
the “peak amplitude” and the “peak-to-peak amplitude”.
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Fig. 8.11: LRB 355 with MS-40 HFV

Another danger in the interpretation of information given in tech-
nical data sheets of vibrators is that the values always relate
to only the freely oscillating system, i.e. neither the piling ele-
ment nor the mass of soil that also oscillates are considered.
Often the clamping system is also neglected since its selection
depends on the choice of the element to be driven.

8.1.1.4.5 Acceleration

The acceleration a is another important parameter in vibratory
pile driving. This can be calculated from the product of the
square of the exciter angular frequency and the peak amplitude:

a=w’-A [%] 8.11)

The acceleration plays a decisive role in the reduction of grain-
to-grain friction in the soil and thus to the reduction of the
resistance to penetration of the piling element. For productive

vibratory pile driving, the acceleration should be greater than
100 m/s2 [47].

8.1.1.4.6 Surcharge

Another important parameter is the surcharge £, although this
does not normally concern the vibrator but the carrier machine.
Above all when the vibrator is leader-guided, this parameter
should not be underestimated because it can then be controlled
from the carrier machine. With free-hanging vibrators, it is not
possible to change the surcharge during the driving process
since the surcharge in this case is applied in the form of bal-
last slabs bolted to the spring yoke. With vibrators mounted
on hydraulic excavators, the surcharge can be increased to a
certain degree by pressing with the excavator boom.

Increasing the surcharge can normally lead to an increase of
the penetration rate. At low frequencies, however, a heavy sur-
charge can lead to a stoppage of driving progress and this can
happen suddenly, particularly in non-cohesive soils [80]. When
a surcharge is applied, care should be taken that the peak-to-
peak amplitude is not “stalled”. Above all in cohesive soils, there
is a danger that soil sticks to the piling element and it can no
longer oscillate sufficiently.



8.1.2 Deep compaction with compaction probe

In deep compaction with compaction probe, a special com-
paction probe is driven into the soil under vibration to compact
it. The compaction is produced by driving in and extracting
the probe, with the frequency being set to the resonance fre-
quency of the oscillating system (vibrator-piling element-soil).

Vibrator

Compaction probe

Fig. 8.12: Process principle of deep compaction with compaction probe

This achieves resonance, which leads to an intensification of
the oscillations in the soil. For this reason, this process is also
described as resonance compaction. Alternative descriptions
are the MRC process (MuLLer Resonant Compaction) [98] or
the Vibro-Wing method [13]. In order to optimise the control of
the frequency, oscillations at the surface can be measured with
geophones so that the frequency can be adjusted during the
compaction process.

The sequence of operations for deep compaction with com-
paction probe is as follows (see also Fig. 8.14):

After positioning the compaction probe at the starting point,
the vibrator is started. The compaction probe is then driven
down to the required depth with a high frequency (> 30 Hz).
If working with a leader-guided vibrator, the greatest possible
surcharge is applied here. The high frequency and surcharge
while vibrating are intended to ensure the quickest possible
insertion. When the final depth has been reached, the crowd
force is stopped and the frequency of the vibrator is slowed until
the resonance of the system of vibrator, piling element and soil
is achieved. This frequency is about 15 Hz [66], depending on
the soil type. Then the oscillations intensify and the maximum
possible vibration energy can be applied to the soil by the com-
paction probe. Finally, the compaction probe is extracted, for
which the frequency of the vibrator has to be increased again
since otherwise an excessive pull force would be necessary.
Compaction can then be carried out again in a higher position.

Due to the reduction of the void ratio in the soil under vibra-
tion, a sink crater is created around the compaction probe. This
crater is then filled with a non-cohesive material, mostly sand,
gravel or a mixture during or after the phases of compaction
and extraction.
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Fig. 8.13: Deep compaction with compaction probe
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Posttioning the
compaction probe at
the compaction point

Vibrating the compaction
probe down to the final
depth with high frequency
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Fig. 8.14: Procedure for deep compaction with compaction probe
8.1.3 Deep compaction with casing

Deep compaction with casing is a ground improvement pro-
cess, in which a temporary casing is driven into the soil with
the assistance of a top vibrator and then a material in the
form of sand, gravel, crushed stone or concrete is added.
The displacement of the soil from the driving of the casing
has already compacted the soil in advance in most cases and
improved its load-bearing capacity. The addition of extrane-
ous granular material and/or hydraulic binders, or also the
use of concrete or the insertion of a geotextile in the casing
with subsequent filling leads to a strengthened column after
extraction, which can both bear loads and in certain cases
drain water.

The usual casing diameters in practice for deep compaction
using a top vibrator are between 300 and 800 mm, in a few
applications even up to 1,500 mm.

8.1.3.1 Vibro columns

For the production of a vibro column, a single-walled steel
tube, called the casing, is vibrated down to the final column
depth and then filled with granular material (mostly sand
or gravel). The length of the casing is determined from the
required column depth plus a projection above ground level
for the attachment of the vibrator. In the simplest case, the
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After reaching the final
depth, compacting with
resonance frequency

Staged extraction with
high frequency, in-between
compaction with
resonance frequency

Completed compacted
soil body

Clamping bracket
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Casing

Fig. 8.15: Process principle of vibro columns



casing is a steel tube open at the bottom. This is closed at
the lower end with a base plate before being vibrated in; the
base plate remains in the soil after extraction. Before driving
with vibration, the head of the casing must be fitted with a
central clamping bracket, if one clamp is used or two clamp-
ing brackets welded to the sides, if two clamps are used, with
appropriate strengthening of the casing, in order to clamp the
vibrator to it.

It is however also possible to clamp the casing directly
with the clamps of the vibrator, in which case the head of
the casing should be strengthened with sheet metal. If the
casing is driven in with a ring vibrator, it is clamped with the
clamping inserts below casing end so that it projects past the
ring vibrator.

The production of a vibro column is carried out in the follow-
ing phases (see Fig. 8.16).

Firstly, the lost base plate is positioned at the column point.
Then the casing, which is clamped by the vibrator clamps via
the welded-on clamping brackets, is positioned on the base
plate. After positioning the casing, the vibrator is started and
the casing is driven in, supported by the crowd force of the
crowd system. The system components vibrator, clamps, cas-
ing and base plate are a collectively acting, vertically oscillating
system, with the base plate sealing under pressure through

Vibrating the
casing down to the
final depth, thereby
pre-compacting
the soil

After reaching the
final depth, mounting
the receiver hopper
on the casing

Positioning the casing
at the column point

Fig. 8.16: Procedure for the production of vibro columns with top vibrator

the resistance of the soil during vibrating. It must be ensured
that the crowd force always acts on the casing so that the
base plate cannot be lost. Only this can prevent soil entering
the casing.

As the casing is vibrated into the soil, the soil changes into
a pseudo-liquid state through the vibration and is displaced
to the sides into the surrounding soil by the base plate and
the following casing. This is similar to full displacement drilling
with the open system where the soil is displaced by the drive
tube, the displacement body and the drill bit [85]. This means
that the soil around the casing is already pre-compacted by
the vibration.

After the final depth has been reached, the vibrator is
switched off, the clamps are opened and the vibrator is lifted
from the casing.

Then the casing is filled with the additional material, normally
with a wheel loader or telescopic handler. For this purpose, it
may be necessary to fit a special receiver hopper to the casing
in order to simplify filling with the wheel loader bucket. The fill
material, mostly sand, gravel or a mixture of the two, should be
as dry as possible or only have slight moisture content in order
to prevent clump formation in the casing. After the casing has
been filled with the fill material, the vibrator is mounted on the
casing again and clamped.

During extraction
continuous filling of
the created cavity
and compaction of
the fill material

Inserting the fill
material into the
receiver hopper

Completed vibro
column

. £
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Then the casing is extracted under vibration. As the casing is
extracted, the base plate detaches from the casing and remains
in the subsoil as a lost plate. The fill material flows out of the
casing into the created cavity and fills it. The vibration during
extraction additionally compacts the fill material in the casing.
After the casing has been extracted, the compacted vibro col-
umn is complete and surrounded by pre-compacted soil as a
result of the vibration. Then the carrier machine can be moved
to the next column point.

The filling volume of the casing is to be matched to the vol-
ume of the loosely inserted fill material, which is greater than
the volume of the compacted vibro column after extraction. For
this purpose, it is necessary to make the casing slightly longer
than the intended column length. Another possibility is to weld
a receiver hopper with the corresponding fill volume onto the
casing. Then it is necessary to weld extra clamping brackets to
the hopper to fix the clamps.

It is also possible to use a mechanically activated hinged
vibration tip fixed to the lower end of the casing instead of a
lost base plate, see Fig. 8.17. This vibration tip must be con-
structed so that it can be opened by a mechanical apparatus
over the full cross-section after insertion of the fill material. It
is opened immediately at the start of extracting the casing so
that the fill material can flow out of the casing into the created
cavity.

———

Fig. 8.17: Mechanically activated hinged vibration tip

8.1.3.2 Vibro-replacement columns

Another process for the production of granular columns is
vibro-replacement. Similarly to vibro-replacement with a dry
bottom feed vibroflot (see Chapter 7), compacted columns
can be produced by adding coarse-grained material from
bottom to top. The principle is based on driving a steel tube,
the so-called casing, into the soil under vibration, filling it with
material and then alternatively extracting a certain length and
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driving down again for a part of the length. This presses the
emerging fill material firmly into the surrounding soil at the
sides. The end result is a filled and compacted granular col-
umn up to ground level.

The construction of the bottom of the casing, or the vibra-
tion tip at the lower end of the casing, the construction of the
receiver hopper at the upper end of the casing and the clamping
brackets to connect with the clamp are very varied. There are
different versions, some of which are patented. For this reason,
this chapter describes a possible construction variant, which is
used in normal practice. The system consists of a casing, at the
lower end of which a mechanically activated hinged vibration
tip is fitted. At the upper end of the casing, a reservoir is welded
on as receiver hopper, into which fill material is inserted. There
is also a clamping bracket welded on to connect the casing
with the clamp of the vibrator.

It is also possible to use ring vibrators for the production of
vibro-replacement columns. Then the casing is clamped in its

Vibrator

Clamping bracket

Receiver hopper

© o o o o O O

Casing

Fig. 8.18: Process principle of vibro-replacement columns
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