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Foreword 

This document has been prepared by CEN /TC 288, "Execution of special geotechnical works", the secretariat of 
which is held by AFNOR. 

This document is currently submitted to the CEN Enquiry. 

The remit of TC 288 is the standardisation of the execution procedures for geotechnical works (including testing 
and control methods) and of the required material properties. WG 10 has been charged with the subject area of 
deep mixing. 

The document has been prepared to stand alongside Eurocode 7 ENV 1997–1 1993, Part 1 : Geotechnical design, 
general rules ; Part 2 : Geotechnical design assisted by field tests and Part 3 : Geotechnical design assisted by 
laboratory testing. This standard expands on design only where necessary, but provides full coverage of the 
construction and supervision requirements. 

A working group comprising delegates from 9 European countries has drafted it. The working group commenced 
work in February 2000. 

Experts from Japan and USA have taken part in some of the meetings of the working group and contributed to the 
formulation of the final draft. 
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1 Scope 

This European Standard establishes general principles for the execution, testing, supervision and monitoring of 
deep mixing works carried out by two different methods : dry mixing and wet mixing. 

Deep mixing considered in this Standard is limited to methods, which involve : 

a) mixing by rotating mechanical mixing tools (see Annex A) where the lateral support provided to the 
surrounding soil is not removed ; 

b) treatment of the soil to a minimum depth of 3 m ; 

c) different shapes and configurations, consisting of either single columns, panels, grids, blocks, walls or any 
combination of more than one single column, overlapping or not (see Annex A) ; 

d) treatment of natural soil, fill, waste deposits and slurries, etc. ; 

e) other ground improvement methods using similar techniques exist, which are only partly covered by this 
standard (see Annex A). 

Guidance on practical aspects of deep mixing, such as execution procedures and equipment, is given in Annex A. 
Methods of testing, specification and assessment of design parameters, which are affected by execution, are 
presented in Annex B. 

2 Normative references 

This European Standard incorporates by dated or undated reference, provisions from other publications. These 
normative references are cited at the appropriate places in the text and the publications are listed hereafter. For 
dated references, subsequent amendments to or revisions of any of these publications apply to this European 
Standard only when incorporated in it by amendment or revision. For undated references the latest edition of the 
publication referred to applies. 

EN 196-1, Methods of testing cement — Part 1 : Determination of strength. 

EN 196-2, Methods of testing cement — Part 2 : Chemical analysis of cement. 

EN 196-3, Methods of testing cement — Part 3 : Determination of setting time and soundness. 

EN 196-4, Methods of testing cement — Part 4 : Quality determination of constituents. 

EN 196-5, Methods of testing cement — Part 5 : Pozzolanicity tests for pozzolanic cement. 

EN 196-6, Methods of testing cement — Determination of fineness. 

EN 196-7, Methods of testing cement — Methods of taking and preparing samples of cement. 

EN 196-21, Methods of testing cement — Determination of the chloride, carbon dioxide and alkali content of 
cement. 

EN 197-1:2000, Cement — Composition, specification and conformity criteria — Part 1 : Common cements. 

EN 197-2:2000, Cement — Composition, specification and conformity criteria — Part 2 : Conformity evaluation. 

EN 451, Methods of testing fly ash. 

EN 459-1, Building lime — Part 1 : Definitions, specifications and conformity criteria. 

EN 459-2, Building lime — Part 2 : Test methods. 
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ENV 1991, Eurocode 1 : Basis of design and actions on structures. 

ENV 10080, Steel for reinforcement of concrete, wieldable ribbed reinforcing steel B 500 — Technical delivery 
conditions for bars, coils and welded fabric. 

ENV 791:1996, Drill rigs — Safety. 

ENV 1997-1, Eurocode 7 : Geotechnical design — Part 1 : General rules. 

ENV 1997-2, Eurocode 7 : Geotechnical design — Part 2 : Design assisted by laboratory testing. 

ENV 1997-3, Eurocode 7 : Geotechnical design — Part 3 : Design assisted by field testing. 

prEN 196-8, Methods of testing cement — Part 8 : Determination of heat of hydration. 

ISO 9000, Quality assurance. 

ISO/DIS 14688-1-2, Identification and classification of soil. 

ISO/DIS 14689, Identification and description of rock. 

3 Terms and definitions 

For the purposes of this European Standard, the following terms and definitions apply. 

3.1 
admixture 
fr : additive, Addition de : Zusatzmittel 
dispersant, fluidifier, retarding agent 

3.2 
binder 
fr : liant de : Bindemittel 
chemically reactive materials (lime, cement, gypsum, blast furnace slag, fly ash, etc.) 

3.3 
binder content 
fr : teneur pondéral en liant de : Bindemittelgehalt 
the weight of dry binder introduced per unit volume of soil to be treated 

3.4 
binder factor 
fr : dosage volumique de liant de : Bindemittelfaktor 
the ratio of the weight of dry binder introduced to the dry weight of the soil to be treated 

3.5 
column 
fr : colonne de : Säule 
a pillar of treated soil manufactured in situ by a single installation process using a mixing tool. The mixing tool and 
the execution process govern the shape and size of the cross section of a column 

3.6 
dry mixing 
fr : malaxage par voie sèche de : Trockenmischverfahren 
a process consisting of mechanical desegregation of the soil in-situ and its mixing with binders with or without fillers 
and admixtures in dry powder form 
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3.7 
filler 
fr : fines inerte, charge inerte de : Füller 
a non-reacting material (sand, limestone powder etc.) 

3.8 
mixing process 
fr : processus de malaxage de : Mischvorgang 
the mixing process involves mechanical disaggregation of the soil structure, dispersion of binders and fillers in the 
soil 

3.9 
mixing tool 
fr : outil de malaxage de : Mischwerkzeug 
a tool used to disaggregate the soil, distribute and mix the binder with the soil, consisting of one or several rotating 
units equipped with several blades, arms, paddles with/without continuous or discontinuous flight augers (see 
Annex A) 

3.10 
penetration (Downstroke) 
fr : enfoncement (descente de l’outillage) de : Abbohrvorgang 
the stage/phase of mixing process cycle, in which the mixing tool is delivered to the appropriate depth and initial 
mixing and fluidisation of the soil take place 

3.11 
penetration or Retrieval speed 
fr : vitesse d’enfoncement ou de remontée de : Abbohr- bzw. Ziehgeschwindikeit 
vertical movement per unit time of the mixing tool during penetration or retrieval 

3.12 
penetration or retrieval rate 
fr : vitesse d’enfoncement ou de remontée par tour de : Abbohr- bzw. Ziehrate 
vertical movement of the mixing tool per revolution of the rotating unit(s) during penetration or retrieval 

3.13 
retrieval (Upstroke) 
fr : remontée (montée de l’outillage) de : Ziehvorgang 
the stage/phase of mixing process cycle, in which the final mixing and retrieval of the mixing tool take place 

3.14 
restroke 
fr : re-malaxage de : wiederholter Mischvorgang 
restroke is an additional penetration and retrieval cycle of the mixing tool 

3.15 
rotation speed 
fr : vitesse de rotation de : Umdrehungsgeschwindigkeit 
number of revolutions of the rotating unit(s) of the mixing tool per unit time 

3.16 
stroke 
fr : malaxage de : Mischvorgang 
one complete cycle of the mixing process 

3.17 
volume ratio 
fr : teneur volumique en coulis de : Volumenverhältnis 
the ratio of the volume of slurry injected (in wet mixing) to the volume of soil to be treated 
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3.18 
water/binder ratio 
fr : rapport Eau/Liant de : Wasser/Bindemittel Verhältnis 
the weight of water added to the dry binder divided by the weight of the dry binder 

3.19 
wet mixing 
fr : malaxage par voie humide de : Nassmischverfahren 
a process consisting of mechanical desegregation of the soil in situ and its mixing with a slurry consisting of water, 
binders with or without fillers and admixtures 

4 Information needed for the execution of the work 

4.1 General 

4.1.1 Prior to the execution of the work, all necessary information shall be provided. 

4.1.2 This information should include : 

a) any legal or statutory restrictions ; 

b) the location of main grid lines for setting out ; 

c) the conditions of structures, roads, services, etc. adjacent to the work ; 

d) a suitable quality management system, including supervision, monitoring and testing. 

4.1.3 The information regarding the site conditions shall cover, where relevant : 

a) the geometry of the site (boundary conditions, topography, access, slopes, headroom restrictions etc) ; 

b) the existing underground structures, services, known contamination, and archaeological constraints ; 

c) the environmental restrictions, including noise, vibration, pollution ; 

d) future or ongoing construction activities, such as dewatering, tunnelling, deep excavations. 

4.2 Particular requirements 

4.2.1 The following information shall also be provided : 

a) specifications for the deep mixing work ; 

b) previous experience of deep mixing or underground works adjacent to the site, including the results of field 
tests to confirm the design ; 

c) construction programme including time schedule for loading and possible preloading ; 

d) underground contamination or hazards that can affect the execution method, the work safety or the discharge 
of excavation material from the site. 
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4.2.2 The following instructions shall be given : 

a) reporting procedure for unforeseen circumstances, or conditions revealed that appear to be different from 
those assumed in the design ; 

b) reporting procedure, if an observational method of design is adopted ; 

c) notice of any restrictions such as construction phasing required in the design ; 

d) a schedule of any testing and acceptance procedures for materials incorporated in the works. 

4.2.3 Any additional or deviating requirements falling within the permission clauses given in this Standard shall 
be established and agreed upon before the commencement of the works. 

5 Geotechnical investigation 

5.1 General 

5.1.1 The depth and the extent of any investigations shall be sufficient to allow determination of the ground 
conditions in accordance with the requirements of ENV 1997-1. 

5.1.2 Laboratory investigations shall comply with ENV 1997-2 and the relevant European Standard. 

5.1.3 Field investigations shall comply with ENV 1997-3 and the relevant European Standard. 

5.1.4 Relevant experience of the execution of comparable deep mixing works under similar conditions in the 
vicinity of the site shall be taken into account when determining the extent of the site investigation. 

5.1.5 Reference to relevant experience is permitted if appropriate verification has been undertaken (e.g. by 
penetration tests, pressure meter tests or other tests). 

5.1.6 The site investigation report shall be made available together with all relevant data known to affect the 
choice of method. 

5.1.7 Boreholes or trial pits shall be suitably sealed to levels such that groundwater movement or subsequent 
deep-mixed column construction and performance will not be affected. 

5.2 Specific information 

5.2.1 Geotechnical information shall comply with ISO/DIS 14688-1-2. 

5.2.2 Apart from the general geological description and the details listed in ENV 1997-1, the site investigation 
report shall contain information regarding ground conditions for the execution of deep mixing. 

5.2.2.1 Ground conditions : 

a) the composition, lateral extent, thickness and firmness of the surface stratum, tree roots, fill, etc. ; 

b) presence of cobbles or boulders, cemented layers or underlying rock that can cause difficulties for the 
execution or could require special methods or tools ; 

c) presence of soil with a tendency to swelling ; 

d) cavities, voids or fissures ; 

e) piezometric levels of groundwater, its variation and possible artesian pressure ; 

f) groundwater quality (e.g. contamination, aggressiveness, chemistry, pH- value, type and concentration of ions 
and metals (reference measurements). 
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5.2.3 When relevant, the following additional information should be provided : 

5.2.3.1 Physical and state characteristics : 

a) consistency limits ; 

b) classification ; 

c) density ; 

d) grain size distribution ; 

e) mineralogy ; 

f) natural water content ; 

g) organic content. 

5.2.3.2 Mechanical characteristics : 

a) deformation and consolidation ; 

b) strength (shear, compressive and tensile);  

c) permeability. 

5.2.3.3 Environmental, chemical and biological characteristics : 

a) contamination test data ; 

b) leaching tests (availability tests). 

5.2.4 The ground level and location at any point of investigation or testing should be established relative to the 
recognised national datum or to a fixed reference point. 

6 Materials and products 

6.1 General 

6.1.1 Construction of deep mixing involves the addition of one or more of the following components to the soil : 

a) binder ; 

b) admixture ; 

c) water ; 

d) filler ; 

e) reinforcement. 

6.1.2 All materials and products for incorporation in deep mixing shall be in accordance with the relevant 
European Standards. Where the respective European Standards are not available, the use of materials and 
products shall be in accordance with the national standards and/or guidance. 

6.1.3 All materials and products used shall comply with local environmental regulations. 

6.1.4 All materials and products used shall comply with the design specifications. 
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6.1.5 Appropriate tests shall be provided in order to ensure compliance with the design specifications for 
materials not covered by existing standards. 

6.1.6 The sources of supply materials shall be documented and shall not be changed without prior notification. 

6.2 Special considerations 

6.2.1 Water from other sources than recognised potable water shall be tested to determine whether or not it is 
suitable for the intended use. 

6.2.2 Environmentally significant traces of chemical substances in materials and products may be present as 
normally occurring impurity, and their environmental impact may need to be assessed. 

7 Considerations related to design 

7.1 General 

7.1.1 The in-situ strength of columns is influenced by several factors, such as properties of the soil to be treated, 
mixing condition, mixing tool and mixing process, curing condition etc. Therefore it can be difficult to estimate the 
field strength accurately at the design stage. It is important to estimate and verify the field strength in several 
stages by laboratory mixing tests, accumulated experience, field trials and verification tests. The design should be 
modified if the requirements cannot be fulfilled. 

7.1.2 The execution of deep mixing projects involves geotechnical design in several phases and can be an 
iterative process. The objective of the design is to produce technical documents, which enable works to be 
constructed with regard to safety, serviceability, economy and durability, taking into account the expected service 
life. It is recommended that the parties responsible for the design should be involved also during the construction. 

7.1.3 The geotechnical design of deep mixing projects shall be based on ENV 1991 and ENV 1997. The 
informative Annex B summarises important parameters, which affect stability and settlement. 

7.1.4 A method statement shall be prepared, which details the deep mixing works. As a minimum requirement, 
the method statement shall detail the location and the purpose of the works, the required design life, possible 
restrictions during the construction phase and any hazards associated with the execution of the works. 

7.1.5 When there is some latitude in the selection of materials, the method statement shall emphasise the 
particular requirements, which can influence the final selection. 

7.1.6 Preliminary design can be based on laboratory mixed samples and comparable experience, taking into 
account the difference in characteristics between laboratory mixed samples and treated soil in-situ. 

NOTE For guidance, reference is made to Annex B. 

7.1.7 Testing may not be sufficient to verify the adequacy of the treatment. Appropriate supervision, monitoring 
and records are required. An observational approach is often appropriate and design is not normally complete until 
site experience is gained. 

7.2 Additional design considerations 

7.2.1 Loading conditions, climatic effects, hydraulic conditions, and acceptable limits of settlement, heave, 
distortion of structures and services, which may be affected by the deep mixing works, shall be taken into account. 

7.2.2 The design should identify and take into account environmental restrictions on construction, such as noise, 
vibration, pollution of air and water and impact on adjacent structures. 

7.2.3 Where end-bearing capacity of the column is required, the design shall prescribe the use of a suitable 
mixing tool and mixing process, to avoid forming a remoulded zone at the base of the column. 
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7.2.4 The specified column or wall layout and tolerances should take account the limitations of the mixing 
equipment. 

7.2.5 For grids or blocks or overlap columns, the specified spacing between the columns must take into account 
the angular deviation and the positional tolerances. 

7.2.6 Amendments necessitated by unforeseen circumstances, such as essential changes in ground or hydraulic 
conditions, shall be reported immediately. 

7.2.7 Suitable protection and testing should be specified when treated soils are likely to be exposed to 
freeze/thaw cycles. 

7.2.8 Consequences due to exposure of the columns to chemical and physical effects shall be considered in the 
design. Particular consideration regarding long-term durability is needed in marine environments or contaminated 
ground conditions. 

7.3 Field trials 

7.3.1 As the properties of the treated soil are influenced by numerous factors, including the execution process, 
preliminary trials and tests should be carried out to confirm that the design requirements can be achieved. 

7.3.2 When studying treated soil one should consider that laboratory test results might overestimate the 
achievable field results (owing to e.g. the use of more thorough mixing in the laboratory and to varying cure 
conditions). 

7.3.3 When studying the process and the behaviour of treated soil, the improvement of soil with time should be 
considered. The rate of improvement depends on the type and quantity of binder utilised and the curing condition. 
When studying the effect of time on trial mix specimens, considerations should be given to the effect of curing 
conditions (temperature, curing under water, preloading etc.). 

7.3.4 Sequence and rate of execution, setting and hardening time, and diameter of the columns shall be 
considered in order to avoid local soil failure or unacceptable settlement or heave. 

7.3.5 Where deep mixing is used to immobilise contaminants or to stabilise waste deposits, or for similar 
purposes where there may be unpredictable interaction between binder and in-situ material, site-specific test 
programmes shall be executed. 

7.4 Design statement 

7.4.1 The design output should state the performance objectives and geometry of the treatment, the specification 
of materials or products assumed in the design, any further details such as phasing of the works and, where 
relevant, should provide the following information : 

a) column requirements (strength and deformation characteristics and permeability) ; 

b) the width of the overlapping portion between adjacent columns ; 

c) tolerances for columns in respect of length, diameter, inclination and plan position ; 

d) boundaries and geometry of installation, setting out drawings ; 

e) time schedule for loading and possible preloading ; 

f) required testing and monitoring ; 

g) time schedule for installation of reinforcing elements ; 

h) toe penetration into bearing or impermeable stratum. 
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7.4.2 Whenever acceptance is defined on the basis of tests of core samples, the design shall specify location, 
age at test, coring equipment and procedure. 

7.4.3 For mechanical tests on treated soil, the conditions of testing the samples and the criteria for acceptance 
shall be specified. Tolerances in respect of specified performance parameters shall consider the adequacy of the 
proposed test method, especially when these methods are indirect, as described in Annex B. 

7.4.4 Limiting values of critical geotechnical design parameters shall be stated, as well as steps to be taken if 
values are likely to be exceeded. 

8 Execution 

8.1 Method statement 

8.1.1 Before the execution of deep mixing, the following method statement shall be delivered as a minimum : 

a) identification, objective and scope of the deep mixing work ; 

b) soil description in compliance with ISO/DIS 14688-1-2 ; 

c) shape of the deep mixing column ; 

d) deep mixing method ; 

e) mixing tool : shape/dimensions/configuration of rotating unit(s), position(s) of outlet(s), shape and length of 
mixing shaft ; 

f) working procedure (penetration and retrieval, mixing and sequence of execution (see table in clause 9.4.1.1) ; 

g) deep mixing parameters : binder type and composition, binder content/binder factor, volume ratio, water binder 
ratio, admixture, filler (see table in clause 9.4.1.1) ; 

h) precautions against heave and settlement ; 

i) site installation and working areas ; 

j) plant and equipment ; 

k) spoil management ; 

l) quality control procedures as required by the contract ; 

m) procedures regarding possible interruptions during the deep mixing operations ; 

n) possible modification of the deep mixing parameters during the works ; 

o) verification testing methods ; 

p) working documents (layout, drawings, reports) ; 

q) safety and environmental risk assessment. 

8.2 Preparation of the site 

8.2.1 The preparation shall be carried out in accordance with the design specifications and the specific 
environmental site conditions. This shall include suitable access for plant and machinery, excavation, cleaning and 
levelling of the working platform, providing adequate ground bearing capacity for equipment, receipt, quality control 
and storage of material. 
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8.2.2 All materials and products for deep mixing delivered to the site shall be identified and checked against the 
design specifications (see clause 6.1.2). 

8.2.3 The binders shall be protected from ingress of moisture that could otherwise detrimentally affect their use 
and/or performance. 

8.3 Field trials 

8.3.1 In cases where comparable previous experience is not available, representative field trials shall be 
performed in order to confirm that the design requirements can be achieved and to establish the critical control 
values, using the same equipment, materials, technique and procedure as specified for the main execution of the 
work. 

8.3.2 The execution control values shall include : 

a) penetration and retrieval speed of mixing tool ; 

b) rotation speed of the rotating unit(s) of mixing tool ; 

c) air pressure (in case of dry mixing) ; 

d) rate of delivery of binder/slurry. 

NOTE In certain circumstances other parameters should be monitored, where they have a direct influence on the quality 
and performance of the work, for instance overlapping width, where a wall is providing containment, or torque where columns 
are founded in stiff strata. 

8.4 Performance 

8.4.1 General 

8.4.1.1 Before the installation of the columns, the position of each column shall be located and identified. 

8.4.1.2 The columns shall be constructed within the geometrical tolerances set in the design (guidance on 
typical values which can be achieved can be found in Annex A). 

8.4.1.3 Verticality and inclination measurements can be carried out by means of inclinometers (see Annex A). 

8.5 Quality control and Quality assurance 

8.5.1 A quality plan shall be provided, detailing the methods and frequency of the checks to be made during the 
construction and verification process, and defining the procedure for dealing with any non-conformance (see 
ISO 9000). The quality plan shall also identify all documents (drawings, method statements, plans etc.) that are 
necessary for the execution of the works. 

8.5.2 The tests on the treated soils set out in clause 10.3 shall be performed and the methods of testing, 
presented in Annex B, shall be used in accordance with the specifications of the design (see clauses 8.4 and 10.3). 

8.5.3 If the conditions encountered during execution do not correspond with those expected in the design, this 
shall be reported immediately to those responsible for the project. 
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8.6 Deep mixing 

8.6.1 Dry and wet mixing 

8.6.1.1 Deep mixing is executed by mechanical desegregation of the soil using mainly vertical movement of 
rotating mixing unit(s) and introduction of a binder, which is homogenised with the soil during the penetration and/or 
retrieval. The execution of deep mixing can be carried out either by dry or wet mixing. These two methods are 
described in detail in Annex A. 

8.6.1.2 In the dry mixing method, the medium of transportation of the binder is normally compressed air. 

8.6.1.3 In the wet mixing method, the medium of transportation of the binder is normally water. 

8.6.2 Penetration and retrieval 

8.6.2.1 Stroke is usually comprised of a penetration (downstroke), in which the mixing tool is delivered to the 
appropriate depth and initial mixing and desegregation of the soil take place, and a retrieval (upstroke), in which the 
final mixing and withdrawal of the mixing tool take place. 

8.6.2.2 In wet mixing, restroking may be used to redistribute slurry to a certain portion of the treated column, 
refluidise a portion of the stratum on the penetration or as a means of keeping the rotating units in motion during a 
hold or waiting period. Restroking may be performed with or without the injection of slurry. 

8.6.2.3 The rotation speed of the rotating unit(s) and the rate of penetration and retrieval of the mixing tool 
shall be adjusted to produce sufficiently homogeneous treated soil. 

8.6.3 Mixing 

8.6.3.1 In dry mixing, the air pressure shall be kept as low as possible during the mixing process to avoid 
problems of air entrainment and ground movements. The quantity of binder along the column and the air pressure 
shall be measured during installation. 

NOTE If the air pressure is too low, the binder may not spread to the whole cross-sectional area of the column. 

8.6.3.2 In wet mixing, the slurry shall be delivered by pumping in a continuous flow to the soil to be treated. 

NOTE Methods used in deep mixing and flow charts of deep soil mixing methods are exemplified in Annex A. 

8.6.3.3 Any spoil generated shall be collected and disposed of in accordance with the legal or statutory 
requirements. 

8.6.3.4 Equipment used for recording the supplied quantity of binder or solids for the slurry shall be calibrated. 

8.6.3.5 The density of the slurry (in wet mixing) shall be tested by a suitable device at least twice per working 
shift at each batching/mixing plant. In the case of manual batching, the frequency of testing must be increased. 

9 Supervision, testing and monitoring 

9.1 General 

9.1.1 The extent of testing and monitoring should be given in the specifications of the design. 

9.1.2 The specific procedures for verification, control and acceptance shall be established before the 
commencement of the work. 
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9.2 Supervision 

9.2.1 In order to check that construction complies with the design and other contract documents, qualified 
personnel experienced in the technique shall be in charge of the execution work. 

9.2.2 Where unforeseen conditions are encountered or new information about soil conditions become available, 
they shall be reported immediately to those responsible for the treatment design. 

9.3 Testing 

9.3.1 The compliance with the design assumptions shall be verified in respect of strength characteristics, 
deformation properties and homogeneity of the columns, and, where relevant, in respect of their length and 
diameter, permeability, inclination and overlap. 

9.3.2 The extent and the methods of performance testing shall be defined before the commencement of the deep 
mixing works in each individual case (type of application and specified tests). 

NOTE The extent of testing and the testing methods depend on the application and the functional requirements. Guidance 
of appropriate methods of performance testing of treated soil (e.g. unconfined compression tests, triaxial tests, odometer tests, 
column penetration tests, reverse column penetration tests, CPTU tests, pressuremeter tests, seismic tests) is given in the 
informative Annex B. 

9.3.3 Quality control tests should be uniformly distributed both in time and between the mixing tools utilised. 

9.3.4 The control tests should cover a sufficient number of columns to establish a reliable average value of 
column properties for each significant soil stratum comprised in the deep mixing work. 

9.3.5 The number of columns to be tested should be decided in each individual case, taking into account the 
purpose and the extent of the treatment, and the application. 

9.3.6 Where appropriate (e.g. in connection with cut-off, immobilisation, containment, and retaining wall 
applications), relevant chemical tests should be performed (e.g. determination of content of chemically active 
substances, pH value, carbonate content, chloride content, sulphate content). 

9.3.7 Where overlap is an essential part of the design, the width of the overlapping portion between adjacent 
columns shall be checked. 

NOTE The width of overlapping can be verified by the use of inclinometers during penetration and retrieval and by drilling 
across the columns or visual inspection. 

9.3.8 Columns exposed as retaining elements shall be visually inspected for no homogeneities during 
excavation. 

9.4 Monitoring 

9.4.1 Construction process 

9.4.1.1 The following construction parameters and information shall be monitored/documented during 
execution (see Table 1). 

Table 1 

Dry mixing Wet mixing 

Air tank pressure Slurry pressure ; Air pressure (if any) 

Time vs. depth (penetration and retrieval rate) Time vs. depth (penetration and retrieval rate) 

Rotation speed (revs/min. during penetration and retrieval) Rotation speed (revs/min. during penetration and retrieval) 

Quantity of binder per meter of depth during penetration and 
retrieval 

Quantity of slurry per meter of depth during penetration and 
retrieval 
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NOTE In certain applications, it may be required to monitor column verticality. 

9.4.1.2 Some limited information on soil type and groundwater conditions may be obtained from monitoring the 
machine operation parameters (such as power consumption and penetration resistance of the mixing tool) and 
spoil. 

9.4.1.3 The construction process shall be controlled and relevant construction parameters as well as 
information concerning the ground conditions and construction tolerances shall be monitored during execution. 

9.4.1.4 The execution shall be monitored automatically, preferably with the aid of a computerised system. 

NOTE In a computerised system, the feed pressure, delivery rate, type of mixing tool, volume ratio, binder ratio, etc. are 
recorded. For each column that has been installed a print out is obtained. This makes it possible to judge at an early stage 
whether or not a readjustment of the installation technique is required and if extra columns shall have to be installed. 

9.4.2 Performance of the treated soil 

9.4.2.1 Vertical and lateral movements of the ground should be monitored by appropriate methods. For certain 
applications, other parameters, such as pore water pressure, should be monitored. 

9.4.2.2 Deviations from specified design limits shall be reported. 

9.4.3 Other aspects 

9.4.3.1 Monitoring instruments shall be installed early enough to have stable reference values before the start 
of the work. 

10 Records 

10.1 Records during construction 

10.1.1 Records shall be made of relevant aspects of the construction : execution of columns, tests and 
observations as described in clause 9 and these shall be available at the site. 

10.1.2 The following execution parameters shall be recorded during execution (see Table 2). 

Table 2 

Dry mixing Wet mixing 

Column reference number Column reference number 

Air tank pressure Slurry pressure. Air pressure (if any) 

Shape of mixing shaft and tool Shape of mixing shaft and tool 

Penetration and retrieval rate (mm/rev.) or speed (m/min) Penetration and retrieval rate (mm/rev.) or speed (m/min) 

Rotation speed (rev./min during penetration and retrieval) Rotation speed (rev./min during penetration and retrieval) 

Binder type and composition Binder type and composition 

 Water/binder ratio 

Quantity of binder per meter of depth during penetration and 
retrieval 

Quantity of slurry per meter of depth during penetration and 
retrieval 

Construction tolerances (verticality, diameter, setting out) Construction tolerances (verticality, diameter, setting out) 

Sequence and timing Sequence and timing 

Top and toe level Top and toe level 
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10.2 Records at the completion of the work 

10.2.1 Records shall be made of the as-built works, including : 

a) records as in clause 10.1 ; 

b) information detailing the as-built columns, including test results, and any changes from the design drawings 
and specifications ; 

c) details of materials and products used ; 

d) details of relevant geotechnical soil conditions. 

11 Special requirements 

11.1 General 

11.1.1 Only those aspects of site safety and protection of the environment that are specific to deep mixing, are 
considered in this chapter. 

11.1.2 All relevant European and national standards, specifications and statutory requirements regarding safety 
and environment during execution of the work shall be respected. 

11.2 Safety 

11.2.1 Particular attention shall be drawn to all processes requiring men operating alongside heavy equipment 
and heavy tools. In particular, the operation of the mixing equipment can be hazardous and specific consideration 
shall be given to the safety of personnel working in the vicinity of rotating equipment. Handling of materials and 
products shall be carried out in accordance with the manufacturer’s safety instructions. 

11.3 Environmental protection 

11.3.1 Construction should identify and take into account environmental restrictions such as noise, vibrations, 
pollution of air and water and impact on adjacent structures. 

11.4 Impact on adjacent structures 

11.4.1 Where sensitive structures or unstable slopes are present in the vicinity of the site or possible sphere of 
influence of the installation works, their condition should be carefully observed and documented prior to and during 
the installation works. 
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Annex A 
(informative) 

 
Practical aspects of deep mixing 

A.1 Introduction 

The objective of deep mixing is to improve the soil characteristics, e.g. to increase the shear strength and/or reduce 
the compressibility, by mixing the soil with some type of chemical additives that react with the soil. The 
improvement becomes possible by ion exchange at the surface of clay minerals, bonding of soil particles and/or 
filling of voids by chemical reaction products. Deep mixing is classified with regard to the binder utilised (cement, 
lime/cement, gypsum, fly ash, etc.) and the method of mixing (wet/dry, rotary/jet-based, auger-based or 
blade-based). 

The development of deep mixing was started in Sweden and Japan in the late 1960’s. Dry mixing, using granular 
quick lime (unslaked lime) as a binder, was put into practice in Japan in the middle of the 1970’s. Approximately at 
the same time, dry mixing originated in Sweden as lime (powdered lime) mixing to improve the settlement 
characteristics of soft, plastic clays. Wet mixing, using cement slurry as a binder, was also put into practice in 
Japan in the middle of the 1970’s. Deep mixing has since spread into other parts of the world. More recently, the 
combination of cement and lime with gypsum, fly ash and slag has been introduced. 

Since its introduction, applications have diversified, equipment has been improved and hardening agents modified. 
As a result of substantial research efforts and accumulation of practical experience, deep mixing methods have 
become widely accepted in many countries. Growing environmental concern has initiated the use of deep mixing 
for remediation and containment of contaminated areas. 

Recently, hybrid techniques have been developed by combining deep mixing with other soil improvement methods 
(such as jet grouting) or other machinery (surface mixing). The development of the technology in the past quarter 
century is summarised e.g. by Terashi (2001). The generic classification of the equipment is shown in Figure A.1. 

A.2 Fields of application 

A variety of applications for deep mixing exists for temporary or permanent works and either on land or marine, see 
Figure A.2. The main applications are reduction of settlement, improvement of stability and containment. 

A.3 Execution 

A.3.1 General 

The execution consists typically of positioning, penetration and retrieval. During penetration, the mixing tool(s) cut 
and disaggregate the soil to the desired depth of treatment. During retrieval, the binder is injected into the soil at a 
constant flow rate, as the retrieval speed is kept constant. The mixing blades rotate in the horizontal plane and mix 
the soil and the binder. There are, however, some variations of machines, in which the binder is injected during the 
penetration phase and both in the penetration and retrieval phase. 
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Soil mixing 
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blade. Mass 
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Ploughs 

 

Figure A.1 — General classification of equipments used by the deep mixing methods included 
in the Code and by hybrid mixing methods not included 

Where the ground movement during execution has to be minimised, special mixing tools may be used. 

Deep mixing can be carried out by two different methods : dry mixing where the binder is introduced by air and wet 
mixing where the binder is in slurry form. 

In dry mixing the binder is usually a mixture of cement and lime (unslaked), or a combination of cement, lime, 
gypsum, blast furnace slag or pulverised fuel ash (PFA) in granular or powdered form. Air is used to feed (or 
incorporate) the binder into the soil. (The moisture content of the soil needs to be ≥ 20 %). 
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Figure A.2 — Applications of deep mixing for various purposes 

In wet mixing the most common binder is cement. 

Dry mixing is primarily utilised to improve the characteristics of cohesive soil, whereas wet mixing is applied also in 
order to improve the characteristics of granular material. For certain applications, such as prevention of 
liquefaction, dry mixing has also been used in loose granular soil. 

Underground contamination or hazards that can affect the execution method, the work safety or the discharge of 
excavation material from the site can consist of old refuse heaps, industrial waste material, chemical waste 
products, etc. Obstructions, such as boulders and tree-root systems, can affect the efficiency of deep mixing. 
Before the construction work is started, the intended quality of the columns has to be ascertained. The process of 
execution of a deep mixing project follows the principles shown in Figure A.3. 

A.3.2 Dry mixing 

Dry mixing is normally carried out in accordance with some general principles, summarised in Figure A.4. 

As can be seen in the flow chart, the binder is fed into the soil in dry form with the aid of compressed air. Two major 
techniques for dry mixing exist at present: the Nordic and the Japanese techniques. 
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Figure A.3 — Principles of execution of deep mixing 
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Figure A.4 — Flow chart for the execution of dry mixing 

The installation is carried out according to the following procedure, from left to right :  

1) the mixing tool is correctly positioned ; 

2) the mixing shaft penetrates to the desired depth of treatment with simultaneous desegregation of the soil 
by the mixing tool ; 

3) after reaching the desired depth, the shaft is withdrawn and at the same time, the binder in granular or 
powder form is injected into the soil ; 

4) the mixing tool rotates in the horizontal plane and mixes the soil and the binder ; 

5) completion of the treated column. 

A.3.2.1 Nordic technique 

Equipments used in the Nordic countries are able to install columns to a depth of 25 m with a column diameter of 
normally 0,6 m 1,0 m. The columns can be inclined up to about 70° in relation to the vertical. The machines have 
one mixing shaft with the injection outlet positioned at the mixing tool. Mixing energy and amount of binder are 
monitored and in some cases automatically controlled to achieve sufficiently uniform treated soil. 

The mixing tool is drilled down to the final depth and a predetermined amount of binder is added through an inner 
tube with an opening at the mixing tool (during the retrieval phase). During the retrieval phase, the soil and binder 
are mixed by continued turning of the mixing tool, eventually changing the direction several times (homogenisation 
phase). Both phases can be repeated for the same location, if required. 

The rotation speed of the mixing tool and the speed with which it is withdrawn is adjusted to produce uniform 
mixing, sufficient for the purpose. The amount of mixing work involved in producing a dry-mixed column depends 
on the type of binder, quantity of binder and type of soil. When using cement as binder compared to lime only, a 
higher amount of mixing energy is required. Bellows equipment has been developed to contain air and dust. 
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A.3.2.2 Japanese technique 

There are several variations of execution machines, which have either one or two mixing shafts. Each mixing shaft 
of these machines have several blades with 0,8 m 1,3 m diameter and are able to install columns to a depth of 
33 m. The binder, usually cement powder, is brought to the mixing machine by compressed air. A bellows covering 
the mixing shaft has the function to avoid scatter of the air that comes up from the ground. The mixing tool is 
composed of several stacks of mixing blades to achieve uniformity of the treated column. The injection outlets are 
positioned above and below the mixing blades at the mixing shaft. A steel bar fixes the distance between two 
mixing shafts. The bar, and sometimes additional freely rotating (undriven or counteracting) mixing blades, also 
function to prevent rotation of soil adhering to the driven mixing blades and shaft. Air pressure and amount of 
binder are automatically controlled to achieve homogeneity of the treated column. 

The binder is injected during the penetration stage or both during the penetration and retrieval stages. 

Table A.1 — Comparison of the Nordic and Japanese dry mixing techniques 

Equipment Details Nordic technique Japanese technique 

Mixing machine Number of mixing shafts 1 1 to 2 

 Diameter of mixing tool 0,4 m to 1,0 m 0,8 m to 1,3 m 

 Maximum depth of treatment 25 m 33 m 

 Position of binder outlet Bottom of shaft (single) Bottom of shaft and/or mixing 
blades (single or multiple) 

 Injection pressure Variable 400 kPa to 800 kPa Maximum 300 kPa 

Batching plant Supplying capacity 50 kg/min to 300 kg/min 50 kg/min to 200 kg/min. 

Typical execution values of the Nordic and Japanese techniques are summarised in Table A.2. 

Table A.2 — Typical execution values of the Nordic and Japanese dry mixing techniques 

Mixing machine Nordic technique Japanese technique 

Penetration speed of mixing shaft 2,0 m/min to 6,0 m/min 1,0 m/min to 2,0 m/min 

Retrieval speed of mixing shaft 1,5 m/min 6,0 m/min 0,7 m/min to 0,9 m/min 

Rotation speed of mixing blades 100 revolutions/min to 
200 revolutions/min 

24 revolutions/min to 64 revolutions/min 

Blade rotation number1) 150 per m to 500 per m ≥ 274 per m 

Amount of binder injected 100 kg/m3 to 250 kg/m3 100 kg/m3 to 300 kg/m3 

Retrieval (penetration) rate 10 mm/rev to 30 mm/rev. 10 mm/rev to 35 mm/rev. 

Injection phase Typically during retrieval Penetration and/or retrieval 

A.3.3 Wet mixing 

Wet mixing is carried out in accordance with some general principles, which can be summarised as shown in 
Figure 5. 

                                                      

1) Blade rotation number means the total number of mixing blades passing during 1 m of shaft movement and is defined by 
the equation T = ΣM ×  (Nd/Vd + Nu/Vu), where T = blade rotation number (n/m), ΣM = total number of mixing blades, 
Nd = rotational speed of the blades during penetration (rev./min), Vd = mixing blade penetration velocity (m/min), Nu = rotational 
speed of the blades during retrieval, and Vu = mixing blade velocity during retrieval. If injection is made only during retrieval, 
then Nd is set equal to zero. 
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Figure A.5 — Flow chart for the execution of wet mixing 

In wet mixing the binder is usually cement slurry. Filler (sand and additives) may be added to the slurry when 
necessary. The specific quantity of slurry added can vary with depth. For machines with the outlet below the mixing 
tool the slurry must not be added during the retrieval phase. 

Whereas a continuous flight auger may be sufficient for predominantly granular soils, increasing fineness and 
stiffness requires more complicated mixing tools provided with mixing and cutting blades of different shapes and 
arrangements The rotary drives, turning the shaft, must have enough power to destroy the matrix of the soil for 
intimate mixture with the slurry. 

Depending on the type of soil and slurry, a mortar-like mixture is created which hardens during the hydration 
process. Strength and permeability depend strongly on the composition and characteristics of the soil (fines 
content, organic content, type of clay, shape of the grains, grain size distribution, grain hardness), the amount and 
type of binder and the mixing procedure. 

The wet mixing process can be interrupted on condition that the slurry has not begun to harden and the mixing tool 
starts again at least 0,5 m in the soil already treated. 

Pumps for transport of the slurry to the outlet need to have sufficient capacity (delivery rate and pressure) to safely 
deliver the design quantity of slurry. 

Wet mixing is common in Central and Southern Europe, North America and Japan. 

A.3.3.1 European technique 

In Europe the installation of wet-mixed columns is either carried out by means of flight auger(s) (continuous or 
sectional, single or multiple) or by means of blades, depending on ground conditions and applications. 

In reinforced soil wall structures, steel bars, steel cages or steel beams can be installed into the fresh 
mixed-in-place columns or elements. The aid of a vibrator may be required for the installation process. 

A.3.3.2 Japanese technique 

In Japan, the wet mixing technique has been used frequently for both on-land constructions and marine 
constructions (CDIT, 2002). In on-land construction, machines with one, two or four mixing shafts have been used. 
The mixing tool is composed of several stacks of mixing blades to achieve uniformity of the treated column. A steel 
bar fixes the distance between the two mixing shafts. The bar and sometimes additional freely rotating (undriven or 
counteracting) mixing blades function to prevent rotation of soil adhering to the driven mixing blades and shaft. 
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Blade rotation number and amount of binder are automatically controlled to achieve uniformity of the treated 
column. The machine has several mixing blades with a diameter of 1,0 m to 1,3 m and a capacity of installing 
columns to a maximum depth of 48 m. The shaft has several mixing blades at different levels. 

In marine constructions, large execution vessels are usually used for rapid treatment of considerable soil volumes. 
On the vessel, a mixing machine, a batching plant, storage tanks and a control room are installed. The machines 
for marine works usually have more than two mixing shafts. The deep-mixing machines currently available in Japan 
are capable of constructing columns with a cross-sectional area of 1,5 m2 to 6,9 m2 to a maximum depth from the 
sea water level of up to 70 m. 

Typical mixing conditions are shown in Tables A.3 and A.4. 

Table A.3 — Major capacity and execution of European and Japanese 
wet mixing techniques 

Equipment Details On land, Europe On land, Japan Marine, Japan 

Mixing machine Number of mixing 
shafts 

1–3 1–4 2–8 

 Diameter of mixing tool 0,4–0,9 1,0m to 1,3 m 1,0m to 1,6 m 

 Maximum depth of 
treatment 

25 m 48 m 70 m below sea level 

 Position of binder outlet Rod Rod and blade Rod and blade 

 Injection pressure 500 kPa to 1 000 kPa 300 kPa to 600 kPa 300 kPa to800 kPa 

Batching plant Amount of slurry 
storage 

3 m3 to 6 m3 3 m3 3 m3 20 m3 

 Supplying capacity 0,08 m3/min to 
0,25 m3/min 

0,25 m3/min to 
1 m3/min 

0,5 m3/min to 2 m3/min 

Binder storage tank Maximum capacity  30 t 50 t to 1 600 t. 

Table A.4 — Typical execution values of European and Japanese wet mixing techniques 

Mixing machine On land, Europe On land, Japan Marine, Japan 

Penetration speed of mixing 
shaft 

0,5 m/min to 1,5 m/min 1,0 m/min. 1,0 m/min. 

Retrieval speed of mixing 
shaft 

3,0 m/min to 5,0 m/min 0,7 m/min to 1,0 m/min 1,0 m/min. 

Rotation speed of mixing 
blades 

25 rev/min to 50 rev/min 20 rev/min to 40 rev/min 20 rev/min to 60 rev/min 

Blade rotation number mostly continuous flight auger 350 per meter 350 per meter 

Amount of binder injected 80 kg/m3 to 450 kg/m3 70 kg/m3 to 300 kg/m3 70 kg/m3 to 300 kg/m3 

Injection phase Penetration and/or retrieval Penetration and/or retrieval Penetration and/or retrieval 

A.3.4 Patterns of installation 

Depending on the purpose of deep mixing, a number of different patterns of column installations are used see 
Figures A.6 to A.9. If the main purpose is to reduce settlement the columns are usually placed in an equilateral 
triangular or in a square pattern. If, on the other hand, the purpose is to ensure stability of, for example, cuts or 
embankments, the columns are usually placed in walls perpendicular to the expected failure surface. Overlapping 
of the columns is particularly important when the columns are installed for containment purposes. Overlapping is 
normal in block, wall and grid type installations. An example of the installation sequence in overlapping columns to 
create interlocking walls is given in Figure A.10 installing the columns in some U-formed, elliptical or circular 
patterns form effective barriers against horizontal actions of various kinds (earth pressure, slip surface, etc.). 
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Key 
1 Strip 
2 Group 
3 Triangular 
4 Square 

Figure A.6 — Examples of treatment patterns in dry mixing 

 

Figure A.7 — Block type pattern in dry mixing with overlapping columns 

 

Key 
1 Wall type 
2 Grid type 
3 Black type 
4 Area type 

Figure A.8 — Examples of treatment patterns in wet mixing on land 
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Figure A.9 — Examples of treatment patterns in marines conditions 

 

Figure A.10 — Example of interlocking wall produced by wet mixing, showing the installation sequence 
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A.3.5 Hybrid methods 

There are several methods, which use techniques reminding of deep mixing. These methods, which in this context 
are named hybrid methods, are continuously under development to tackle particular ground conditions and 
foundation problems. They typically combine hydraulic and mechanical mixing. Here, some of the hybrid methods, 
which have found use and acceptance among contractors are described, such as mass stabilisation, jet grouting 
combined with mechanical mixing, etc. 

A.3.5.1 Mass stabilisation 

In cases where the soil conditions are very bad, e.g. peat, organic clay and soft clay deposits, mass stabilisation 
can be required, in which the whole soil mass is treated down to a depth of normally 2 m to 3 m. The maximum 
depth of treatment presently (2001) is 5 m. The mass stabilisation machines differ essentially from the column 
stabilisation machines. The binder is fed to the mixing head while the mixer rotates and simultaneously moves 
vertically and horizontally. Mostly the mass stabilisation machine is a conventional excavator but equipped with a 
mass stabilisation mixer. Two different types of mass stabilisation technology used in Finland are showed in 
Figures 11 and 12. 

 

Key 
1 Stabilizer tank + scales 
2 Excavation machine 
3 Mixing tool 
4 Masstabilized peat, Mud or soft clay 
5 Peat, mud, soft clay 
6 Direction of massstabilization 
7 Geotextile (reinforcement) 
8 Preloading embankment 

Figure A.11 — Mass stabilisation TYPE A 

 

Figure A.12 — Mass stabilisation Type B 
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A.3.5.2 Jet grouting combined with mechanical mixing 

A new method, combining the advantage of mechanical mixing with jet grouting, has been developed. These 
machines have a mixing shaft as well as jetting nozzles, capable of creating columns larger than the mixing tool 
diameter. Jet stirring also makes it easy to create overlapping of the treated columns. The diameter of the columns 
can be varied by either jetting or no jetting (Matsumoto et al., 1998; Tanaka et al., 2002). The jet grouting technique 
is described in detail in EN 12716 “Jet Grouting” (Execution of Special Geotechnical Works). 

A.3.5.3 The CDM-LODIC method 

A new type of low-displacement deep-mixing method has been developed in Japan for the purpose of minimising 
lateral displacements during construction. Accordingly, an earth auger screw is installed on the upper part of the 
mixing shaft to remove the soil to the ground surface. By removing a soil volume equal to the volume of injected 
cement slurry, the displacement of surrounding ground or nearby structures can be reduced (Matsumoto et al., 
1998; Tanaka et al., 2002). 

The Cut-Mix-Injection 

The Cut-Mix-Injection (Fräs-Misch-Injektionsverfahren) is a German method by which loose soil can be mixed with 
cement slurry and homogenised in deep strips by means of a special machine, in German named Fräsmaschine. 
The off-road capable, caterpillar track-driven FMI-machine comprises driver cabin, power train and cutting tree. The 
cutting tree, on which the cutting blades are rotated by two chain systems, is driven towards the driver cabin. It is 
inclined up to 80°, is dragged behind the machine and can be positioned perpendicularly to the operational 
direction. Due to special configuration of the blades, the soil is not excavated but mixed in-situ with cement slurry. 
Driving speed, cutting depth and rate of cement injection are computer controlled.  

The cutting tree is provided with injection pipe and injection outlets. The cement slurry is mixed at a separate site 
and distributed to the cutting tree via the injection pipe. The average supply of slurry is 100 m3/h. The method 
makes it possible to treat the soil to a depth of maximum 9 m. The cutting width amounts to 1.0 m down to a depth 
of 6 m and 0,5 m down to a depth of 9 m. (Sarhan and Pampel, 1999). 

A.4 Construction considerations 

The possibility that the execution of deep mixing will cause ground displacements, affecting stability conditions of 
slopes or causing problems with sensitive structures, must be considered. Examples of the use of deep mixing for 
the purpose of settlement reduction and improvement of stability, for prevention of adverse effects on adjacent 
structures and as a supporting wall in deep excavations are given in Figure A.13. 

The chemical reactions between the soil and the binder generate an increase of the ground temperature, which 
goes on until the chemical reactions are terminated. 

The operation of the mixing equipment must be carried out with due consideration of safety restrictions. The 
reaction between unslaked lime and air humidity or water is highly exothermic. The resulting rapid volumetric 
expansíon and heat generation may lead to fire or explosion. It is caustic and toxic and, as a precaution, tight eye-
shields should be used as well as protective gloves and mask. Also cement is caustic. 
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Key 
1 Road Embankment stability/settlement 
2 High embankment stability 
3 Bridge Abutment uneven settlement 
4 Stability of Cut Slope 
5 Reducing the influence from nearby construction 
6 Braced Excavation earth pressure/heave 
7 Pile foundation lateral resistance 
8 Sea wall bearing capacity 
9 Break-water bearing capacity 

Figure A.6 — Diversified application of deep mixing. After CDM Association (Terashi, 1997) 
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Annex B 
(informative) 

 
Aspects of design 

B.1 General 

B.1.1 Scope 

The aspects of design covered in this Annex are related to the process design development, the choice of binder, 
laboratory and field testing and the influence on the design of the column layout and performance. This Annex does 
not cover the detailed principles or methods of geotechnical design, for which reference should be made to 
Eurocode 7 ENV 1997-1 1993, Parts 1–3 : Geotechnical design, general rules — Geotechnical design assisted by 
field tests — Geotechnical design, assisted by laboratory testing. 

As deep mixing is a ground improvement process, design encompasses two distinct aspects : 

  functional design describes the way in which the treated soil and the untreated soil interact to produce the 
required overall behaviour ; 

  process design describes the means by which the required performance characteristics are obtained from the 
treated soil by selecting and modifying the process control parameters. 

B.1.2 Application 

The scope of the application of deep mixing is to handle and solve problems associated with the following aspects : 

  settlement reduction (e.g. of embankments and structures) ; 

  improvement of stability (structures and embankments) ; 

  support of slopes and excavations ; 

  improvement of bearing capacity and reduction of settlement and lateral spreading due to dynamic and cyclic 
loading (e.g. in seismic regions) ; 

  immobilisation and/or confinement of waste deposits or polluted soils ; 

  construction of containment structures ; 

  reduction of vibrations and their effects on structures and human beings. 

B.2 Design principles 

The ground treated with deep mixing must be designed and executed in such a manner that the supported 
structure, during its intended life and with appropriate degree of reliability and cost-effectiveness, will remain fit for 
the use for which it is intended and sustain all actions and influences that are likely to occur during execution and 
use. This requires that the serviceability and ultimate limit states are satisfied. 

The requirements for the serviceability and ultimate limit states are to be specified by the client. The design shall be 
in accordance with the requirements put forward in ENV 1997-1, Eurocode 7 : Geotechnical design — Part 1 : 
General rules. 
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So-called iterative design, based on a follow-up of the results obtained by various testing methods, is an important 
part of the design. Here, the main focus is placed upon those factors that are important for the execution and the 
purpose of deep mixing. 

The design is made for the most unfavourable combinations of loads, which could occur during construction and 
service. 

The deep mixing process may involve a short-term decreasing resistance to failure in consequence of induced 
excess pore water pressure and soil displacements. The mixed-in-place columns should be arranged in a way to 
avoid that possible planes of weakness in some columns installed could have a negative influence on the stability. 
In the stability analysis it is important to take into account the differences in stress vs. strain relationship between 
treated and untreated soil. For excavation support, the most important parameters are the compressive strength of 
the treated soil and arching. Figure 1 indicates the iterative process combining functional design and process 
design. 
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Figure B.1 — Iterative design process, including laboratory testing, 
functional design, field trials and process design 

B.3 Execution process of deep mixing 

Once the functional design is completed and delivered to the contractor, the process design is the responsibility of 
the contractor. The purpose of standardised laboratory tests (laboratory mixing tests) is to provide information on 
binder type and dosage appropriate for the actual construction. The tests should include each representative soil 
layer. In most of the cases there is a difference between laboratory strength and field strength. The preliminary 
process design is based on the laboratory test results, database and information about similar experience as 
shown in Figure B.1. Before the actual construction, deep mixed test columns are constructed on which field trials 
are carried out to confirm that the dosage, type of binder and mixing energy yield the required strength and 
uniformity. In case field trials fail to satisfy the requirements given in the design, the functional and process design 
have to be reconsidered. 
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B.4 Choice of binder 

The binders used in dry mixing usually consist of cement or a mixture of lime and cement, in wet mixing of cement. 
The choice of binder is a critical aspect of deep mixing, which largely depends on the soil conditions and the 
purpose of deep mixing. Testing of binders with the soil to be treated is normally an essential requirement on any 
deep mixing project. A summary of the binders that are commonly used is given in Table B.1. 

Table B.1 — Binders commonly used in dry mixing 

Soil type Suitable binder 

Clay Lime or lime/cement 

Quick clay Lime or lime/cement 

Organic clay and gyttja Lime/cement or cement/granulated blast furnace slag or lime/gypsum 

Peat Cement or cement/granulated blast furnace slag or lime/gypsum/cement 

Sulphate soil Cement or cement/granulated blast furnace slag 

Silt Lime/cement or cement 

The binder used in wet mixing is in most cases cement. Specially prepared binders may be used for highly organic 
soils or for extremely soft soils with high water content. Mixtures of fly ash, gypsum and cement may be used in 
cases where low strength of the treated soil is preferred. Bentonite is frequently used to improve rheology and 
stabilise the slurry mixes. 

B.5 Testing 

B.5.1 General 

The method of testing utilised has to be adapted to the purpose of deep mixing. Thus, for settlement reduction, the 
elastic modulus value is of main interest, while for improvement of stability and elimination of the risk of failure, the 
strength of the columns is of main interest. As regards immobilisation and/or confinement of waste deposits or 
polluted soil and containment, overlapping and low permeability of the columns are the determining factors. 

B.5.2 Laboratory testing 

Laboratory testing represents one of the means used for analysing the possibilities of treating the actual soil and 
checking the result of deep mixing. It includes on one hand laboratory mixed soil samples and on the other hand 
samples taken at various depths in the columns installed. 

B.5.2.1 Laboratory mixed samples 

The laboratory mixed samples offer a possibility to study which quantity of binder, which type of binder, or 
combination binder/filler/admixture, which binder factor and water/binder ratio that are required to stabilise the soil 
for the intended purpose. 

For the laboratory investigation of soil/binder samples, reference is given to the following procedures included in 
the Design Guide from EuroSoilStab : 

1) laboratory procedure for preparation and storing of test samples of soil stabilised by binders for Deep 
Mixing, Column applications ; 

2) laboratory procedure for preparation and storing of test samples of soil (especially peat) stabilised by lime 
and cement-type materials for mass stabilisation applications. 

NOTE Laboratory procedure for preparation and storing of test samples of soil for Japanese dry and wet mixing methods 
have been standardised by the Japanese Geotechnical Society. 
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The correlation between the strength properties of laboratory mixed samples and the corresponding properties 
under field conditions is very uncertain. If extensive experience is available of the correlation between the strength 
characteristics of laboratory mixed samples and the corresponding characteristics of columns installed in soil of 
equal geological origin as the laboratory mixed samples, a conservative correlation coefficient can be applied. The 
same type of mixing tool, binder and binder content should be used as in the reference object. 

B.5.2.2 Core sample 

Core samples can be taken by means of a rotary core drilling equipment. Core samples can be used to study 
deformation characteristics, strength and uniformity. Choice of coring technique and core diameter is highly 
dependent on the treated soil strength and grading. Triple tube samplers are recommended for columns in soft 
soils. The number of cores depends on the size and/or complexity of the project. A minimum of at least three core 
borings are recommended. The sampling should extend to full depth of treatment. Fundamentally, the rate of 
strength gain in dry mixing and wet mixing is different. It is affected by the moisture content and hydration 
characteristics of the binders. Temperature may be of significant influence and is affected by various parameters 
such as binder type, binder factor/content and treated soil volume. Sample disturbance may be a significant 
concern and influence the sample characteristics. Core sampling should be supplemented with other test methods 
as listed below. 

The strength characteristics and the elastic modulus, Ecol, of the samples are normally determined by unconfined 
compression tests. However, the results thus obtained will be affected by the existence of cracks in the samples. If 
cracks can be observed, triaxial testing is preferable (see ENV 1997-2, Eurocode 7, Geotechnical Design — 
Part 2 : Design assisted by laboratory testing). 

The compression modulus Mcol of the samples is determined by œdometer tests (ENV 1997-2, Eurocode 7, 
Geotechnical Design — Part 2 : Design assisted by laboratory testing). For assessing the settlement behaviour of 
the stabilised soil, the elastic modulus of the column is more representative than the œdometer modulus. The use 
of the œdometer modulus in settlement analysis instead of the elastic modulus of the column leads to an 
underestimation of the long-term settlement (Baker, 2000). 

Hydraulic conductivity tests require special equipments built for the purpose, as no standard apparatus exists. 
However, the permeability can be estimated by back-calculation from the value of the coefficient of consolidation 
determined by œdometer tests. 

B.5.2.3 Wet grab samples 

Wet grab sampling is used in the European wet method. Wet grab samples are taken prior to initial set of the 
treated soil. They are extracted from critical depths of the columns with a suitable sampling tool, usually one per 
500 m3

 of treated soil volume or one per day.  The samples are obtained by lowering an empty wet grab sampling 
device to the sample depth, capturing the fluid sample, closing the wet grab sampling device, and bringing the 
sample to ground surface where the material is processed and placed into cylinders for testing. The samples are 
cured at a prescribed temperature in standard size sample mould, cylinders or cubes. Testing of the samples, as 
described above, is normally performed after 7 and 28 days of curing. Curing conditions of the treated soil in-situ 
on the one hand and of the wet grab soil sample on the other, are different and influence the strength and the rate 
of strength increase. 

B.5.3 Field testing 

B.5.3.1 Field trial tests 

Because of the uncertainty regarding the applicability of the column characteristics determined in the laboratory, 
in-situ tests are required. One of the most important issues, namely to investigate the uniformity of the columns, 
can be fulfilled by some type of sounding, or by core boring as mentioned above, and/or by lifting up whole 
columns. Determination of the mechanical and hydraulic conductivity properties of the columns require special 
equipments. A field trial test for this purpose usually comprises two to three column installations with varied binder 
content. 
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Another important aspect of field testing is to determine the criteria for the construction control of deep mixing. The 
construction control values may include penetration and retrieval speed of the mixing tool, rotation speed and 
torque of the mixing tool, overlapping width and rate of delivery of binder/slurry. When a column has to be founded 
in a firm bearing stratum, the torque and/or the change of penetration resistance are measured to establish the 
critical construction control values. 

B.5.3.2 Direct determination of mechanical properties 

Pressuremeter tests (see ENV 1997-3, Eurocode 7 : Geotechnical Design — Part 3 : Design assisted by field 
testing) serve as a basis for determination of the shear strength and the compressibility of the column. The tests 
require preboring of a hole in the column into which the pressuremeter can be inserted.  

Geophysical tests serve as a basis for determination of the properties of the treated soil under dynamic action and 
can be used for investigation of the integrity of the columns and also for indirect determination of the deformation 
modulus and strength. However, the interpretation of results from geophysical tests is still at the research stage. 

B.5.3.3 Investigation of uniformity and indirect determination of mechanical properties 

CPT tests, representing conventional cone penetration tests are used for determination of the strength parameters 
and the continuity of the column. The CPT method has potential limitations compared to the column penetration 
test in terms of maintaining verticality. Due to the size of its point, the CPT is also only testing a limited proportion of 
the column volume. Stepwise preboring is often necessary to keep the cone test inside the column. 

Static/dynamic penetration tests, which are a combination of penetration and hammering test, are useful for treated 
soil with unconfined compressive strength ≤ 4 MPa. 

Column penetration (see Figure B.2) test is carried out using a probe that is pressed down into the centre of the 
column at a speed of about 20 mm/s and with continuous registration of the penetration resistance. The probe is 
equipped with two opposite vanes. The method can normally be used on columns with a maximum length of 8 m 
and with unconfined compressive strength < 300 kPa. In the case of longer columns the probe may end up in the 
soil outside of the column. This can be avoided by preboring a vertical hole in the centre of the column. Preboring 
should be made without percussion. By the use of preboring, the column penetration test can be used for columns 
with maximum unconfined compressive strength of 600 kPa to 700 kPa to a depth of 20 m to 25 m. 

By the reverse column penetration test the uniformity of the column can be determined along its whole length. In 
this test, a probe, fitted with vanes equal to those used in the column penetration test, is attached to a wire rope 
placed below the bottom of the column while it is being constructed. The wire rope, which should have strength of 
at least 150 kN, runs through the whole column up to the ground surface. The strength of the column is obtained by 
measuring the resistance obtained when drawing the probe up to the ground surface. The withdrawal should take 
place at a speed of about 20 mm/s. The choice of vane type should be the same as suggested for the column 
penetration test. As indicated, the method can be used as a measure of the variability with depth of the strength of 
the column rather than as a direct measure of the shear strength. The method is presently (2001) still under 
development. 

B.5.3.4 Hydraulic conductivity tests 

Pressure-permeameter tests are used in a similar way as the pressuremeter and serve as a basis for determination 
of the permeability of the column in radial direction.  

Various types of field tests can be used to assess the hydraulic properties in the field. However, no standard 
equipment exists for determination of the permeability. 
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Key 
1 Supa wire ½ inch 
2 Tube, dy = 36 mm threaded on easing 

3 Wedge for supa wire 
4 Internally threaded casing on sounding rod 
5 Supa wire ½ inch 

Figure B.2 — Vanes used in the conventional (left) and the reserve column penetration tests (modify figure) 

B.6 Correlation of various properties of treated soil 

B.6.1 Field strength and laboratory strength 

Different mixing and different curing conditions cause the difference between field and laboratory mixed soils. The 
laboratory test procedures are different in Europe and Japan as mentioned in Section 5. In each of the regions, 
different mixing tools are used and this makes it difficult to compare the field strength and the laboratory strength in 
a general manner. However, if the same mixing tools are used under a standardised quality control system, it is 
possible to compare field- and laboratory-treated soil, based on accumulated experience. 

According to Swedish dry mixing experience in soft plastic clays, the ratio of field strength and laboratory-mixed 
sample strength is in the range 0,2 to 0,5. In granular soils, the ratio of field and laboratory-mixed sample strength 
is likely to be significantly higher. In granular soils, the fines content largely determines the ratio. 

For the CDM method (Cement Deep Mixing Method) – the most popular wet mixing method in Japan – the CDM 
association has established the quality control procedure and the minimum blade rotation number. The typical dry 
mixing method – the DJM method (Dry Jet Mixing Method) – employs the mixing tool manufactured by the same 
manufacturer. Japanese experience from accumulated data by CDM and DJM on land are summarised in Figure 
B.3 and for CDM works in Figure B.4. 
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Key 
1 Field strength quf, Mpa 

2 Laboratory strength quf, Mpa 

Figure B.3 — Relation between strength results of field and laboratory tests for on-land constructions 
(Sakai et al., 1996) 
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Key 
1 Unconfined compressive strength of in-situ treated soil, quf, Mpa 

2 Unconfined compressive strength of laboratory treated soil, quf, Mpa 

3 Clay 
4 Sand 

} 5 Daikoku pier 

6 Clay Hatskaichi port 
7 Silty clay 
8 Sandy silt 

} 9 Kanda port 

10 Chiba port 
11 Kitakyushu port 

Figure B.4 — Relation between strength results of field and laboratory tests for marine constructions 
(CDIT, 2002) 

B.6.2 Correlation between mechanical characteristics and unconfined compressive strength 

Values of bending strength, tensile strength, modulus of elasticity and permeability are often required in the design. 
These characteristics may be obtained from core samples of in-situ treated soil after the construction. In the design 
stage, however, these values should be assumed appropriately on the basis of a reliable database. For the 
Japanese wet mixing method, abundant data exist and are compiled by the Coastal Development Institute of 
Technology, Japan (CDIT, 2002). 

B.7 Aspects of design 

B.7.1 Stability 

B.7.1.1 Weighted shear strength 

Often the purpose of the treated columns is to stabilise slopes, embankments or trench walls. In this case, the 
columns should preferably be installed in a number of walls on both sides, perpendicular to the slope, the 
embankment or the trench (see Annex A). The stability is analysed on the basis of the weighted mean strength 
properties of the untreated soil and those of the columns. Failure is normally assumed to take place along a plane, 
or curved, failure surface in which the shear strength of the columns and the shear strength of the surrounding soil 
are both mobilised. 
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B.7.1.2 Influence of column location along the potential failure surface 

In the case of single columns being used for stability purpose the risk of bending failure of the columns must be 
considered. The columns will behave differently if situated in the active zone, or in the more or less pure shear 
zone, or in the passive zone of the potential failure surface (see Figure B.5). In the active zone the axial load on the 
column contributes to increasing the shearing or bending resistance while in the passive zone the columns may 
even rupture in tension. Therefore, columns in the active zone benefit most to improving the stability condition. In 
the shear and passive zones columns arranged as buttress walls or as a block are more effective in preventing 
shear failure than single columns. 

 

Key 

1 Passive 

2 Shear 

3 Active 

Figure B.5 — The axial column load in the active zone increases their bending and shearing resistance. In 
the passive zone the columns may even rupture in tension 

B.7.1.3 Overlap of columns 

Columns installed for the purpose of improving stability are commonly placed in single or double rows along, and 
perpendicular to, a slope, an excavation or an embankment. This increases the efficiency in comparison with single 
columns in that the negative effect of local column weakness is reduced as well as the risk of bending failure of the 
columns. 

The moment resistance of the individual column rows should be sufficiently high not to be the cause of failure. 
Overlapping of the columns in the individual rows to create a column wall increases the moment resistance and 
overturning can be avoided by increasing the length of the rows and thus the number of columns in the rows. It is 
important that the shear strength of the treated soil in the overlapping zone is high enough and that the overlap of 
the columns is sufficient. It is important that the verticality of overlapping columns is maintained over the whole 
length. The shear strength of the stabilised soil in the overlapping zone usually governs the lateral resistance of the 
column rows. 

B.7.1.4 Column separation 

Failure may occur in the shear zone due to separation of columns in the row when the slip surface is located close 
to the top of the columns and the tensile resistance is low within the overlapping zone. Such a separation reduces 
the shear resistance of the column wall. It is expected that the tensile resistance of the treated soil in the 
overlapping zone is about 5 % 15 % of the unconfined compressive strength (it can be lower or higher depending 
upon the quality and efficiency of deep mixing). 

B.7.1.5 Dowel action of column rows 

The dowel resistance of the columns will be decisive when the failure surface is located close to the bottom of a 
row. When the columns have separated from the adjacent columns the shear resistance per column in the row will 
be the same as the shear resistance of single columns. 
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B.7.1.6 Overturning of a raw of end-bearing columns 

The axial load on columns situated at the end of a row with end-bearing columns can be very high when the 
column row is subjected to a rotational movement. The maximum axial load thus obtained should be less than the 
load corresponding to the unconfined compression strength of the column. 

B.7.1.7 Structural wall applications 

Structural walls with reinforcement beams are commonly designed using the principle of arching. 

B.7.1.8 Block type applications 

As the properties of in-situ treated soil are quite different from those of untreated surrounding soil, it is assumed 
that the treated soil is a rigid structural member buried in the ground to transfer the external loads to a reliable 
stratum (Kitazume et al., 1996). For the sake of simplicity, the design concept is analogous to the design procedure 
for gravity type structures, such as concrete retaining structures. 

The first step in the procedure includes stability analysis of the superstructure to ensure that the superstructure and 
the treated soil behave as a unit.  

The second step includes stability analysis of the treated soil due to external action in which sliding failure, 
overturning failure and bearing capacity are evaluated.  

The third step includes internal stability analysis in which the stresses induced in the treated soil by the external 
forces are analysed and confirmed to be less than the allowable values. Finally, the displacement of the treated soil 
is analysed. 

In seismic design of the superstructure, the seismic intensity analysis is applied in Japan ; the dynamic cyclic loads 
are converted to static load by multiplying the unit weight of the structure by the seismic coefficient. 

In the case of more complex treatment patterns, relying on the interaction between the treated soil and the 
untreated soil between columns it is desirable to apply more sophisticated 2-D or 3-D elasto-plastic FEM analyses 
to examine stresses developed in the improved ground and displacement of the improved ground. Of course, the 
quality of the results is strongly influenced by the correct selection of input parameters. 
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Figure B.6 — Flow of Japanese design procedure for block type stabilisation (Kitazume et al.,1996) 

B.7.2 Settlement 

B.7.2.1 Total settlement 

The design related to the deformation of mixed-in-place columns or elements or structures used for foundations or 
retaining walls shall be in accordance with ENV 1997-1, Eurocode 7: Geotechnical design — Part 1 : General rules. 

The treated columns, installed in order to reduce settlement of embankments, are mostly placed in some regular 
triangular or square pattern. Settlement analysis is generally based on the assumptions of equal strain 
conditions — in other words, arching is presumed to redistribute the load so that the vertical strains at a certain 
depth become equal in columns and surrounding soil. 

For a group of columns the average settlement will be reduced by counteracting shear stresses in the untreated 
soil, mobilised along the perimeter of the group. Only a small relative displacement (a few mm) is required to 
mobilise the shear strength of the soil. The counteracting shear stresses will cause angular distortion in the 
improved soil along the perimeter of the group and, consequently, induce differential settlement inside the group. 
The counteraction — hence the differential settlement — will be reduced with time by induced consolidation 
settlement in the surrounding soil. It is therefore usually ignored in the settlement analysis. 
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B.7.2.2 Rate of settlement 

In dry mixing where the permeability of the columns may be higher than the permeability of the surrounding soil, 
the columns may accelerate the consolidation process in a way similar to vertical drains. However, the rate of 
settlement is not governed by the drainage effect alone. When stiff treated soil and untreated soft cohesive soil 
co-exist, the dominant phenomenon is the stress redistribution in the system with time. At the instant of loading, the 
applied load is carried by excess pore water pressure. Owing to gradually increasing stiffness of the columns, a 
gradual transition of load from the soil to the columns causes a time-bound reduction of the load carried by the soil. 
In consequence, the excess pore water pressure in the soft soil diminishes rapidly, even without the radial water 
flow. This stress redistribution is one of the major reasons for the settlement reduction and increased rate of 
settlement. Therefore, even if the permeability of the columns is of the same order of magnitude as the surrounding 
soil, the consolidation process is accelerated by the presence of the columns. Thus, the load share between soil 
and columns increases the average coefficient of one-dimensional consolidation. The column permeability 
decreases with time and with increasing confining pressure. 

In wet mixing the hydraulic conductivity of the treated columns is generally of the same order of magnitude as, or 
lower than, the hydraulic conductivity of the surrounding untreated soil. Therefore, the consolidation process is 
governed by vertical one-dimensional water flow only. However, by the stress re-distribution, the rate of settlement 
is much higher than that calculated by one-dimensional consolidation. 

B.7.3 Confinement 

A confinement wall is formed by overlapping columns so that no leakage through the wall can take place. It is 
extremely important that the homogeneity of the columns is guaranteed and that leakage through the column wall 
is prevented. The thickness of the wall at the overlap and the permeability of overlap joints, have to be given 
sufficient tolerance in the design. Bentonite is commonly incorporated in wet mixing, in order to reduce the 
permeability of the treated soil. 

If the objective of deep mixing is to create confinement of waste deposits or polluted soils, the durability of the 
treated soil becomes one of the most important design aspects. The reaction between the treated soil and the 
contaminant should be studied, especially when the waste has high acidity. 
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Annex C 
(informative) 

 
Degree of obligation of the provision 

The provisions are marked corresponding to their degree of obligation : 

  RQ : requirement ; 

  RC : recommendation ; 

  PE : permission ; 

  PO : possibility and eventuality ; 

  ST : statement. 

4.1.1 RQ 7.2.8 RQ 
4.1.2 RC 7.3.1 RC 
4.1.3 RQ 7.3.2 RC 
4.2.1 RQ 7.3.3 RC 
4.2.2 RQ 7.3.4 RQ 
4.2.3 RQ 7.3.5 RQ 
5.1.1 RQ 7.4.1 RC 
5.1.2 RQ 7.4.2 RQ 
5.1.3 RQ 7.4.3 RQ 
5.1.4 RQ 7.4.4 RQ 
5.1.5 PE 8.1.1 RQ 
5.1.6 RQ 8.2.1 RQ 
5.1.7 RQ 8.2.2 RQ 
5.2.1 RQ 8.2.3 RQ 
5.2.2 RQ 8.3.1 RQ 

5.2.2.1 RQ 8.3.2 RQ 
5.2.3 RC 8.4.1.1 RQ 
5.2.4 RC 8.4.1.2 RQ 
6.1.1 ST 8.4.1.3 ST 
6.1.2 RQ 8.5.1 RQ 
6.1.3 RQ 8.5.2 RQ 
6.1.4 RQ 8.5.3 RQ 
6.1.5 RQ 8.6.1.1 ST 
6.1.6 RQ 8.6.1.2 ST 
6.2.1 RQ 8.6.1.3 ST 
6.2.2 ST 8.6.2.1 ST 
7.1.1 RC 8.6.2.2 ST 
7.1.2 RC 8.6.2.3 RQ 
7.1.3 RQ 8.6.3.1 RQ 
7.1.4 RQ 8.6.3.2 RQ 
7.1.5 RQ 8.6.3.3 RQ 
7.1.6 ST 8.6.3.4 RQ 
7.1.7 ST 8.6.3.5 RQ 
7.2.1 RQ 9.1.1 RC 
7.2.2 RC 9.1.2 RQ 
7.2.3 RQ 9.2.1 RQ 
7.2.4 RC 9.2.2 RQ 
7.2.5 RQ 9.3.1 RQ 
7.2.6 RQ 9.3.2 RQ 
7.2.7 RC 9.3.3 RC 
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9.3.4 RC 11.1.1 ST 
9.3.5 RC 11.1.2 RQ 
9.3.6 RC 11.2.1 RQ 
9.3.7 RQ 11.3.1 RC 
9.3.8 RQ 11.4.1 RC 

9.4.1.1 RQ   
9.4.1.2 ST   
9.4.1.3 RQ   
9.4.1.4 RQ   
9.4.2.1 RC   
9.4.2.2 RQ   
9.4.3.1 RQ   
10.1.1 RQ   
10.1.2 RQ   
10.2.1 RQ   
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