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Preface

The International Conference on Deep Mixing – Best Prac-
tice and Recent Advances (Deep Mixing ´05) was organised
by the Swedish Deep Stabilization Centre. Particular empha-
sis was placed on the exchange of practical experience from
the application of dry and wet mixing methods. The aim of
the conference was to enhance the exchange of knowledge
and to facilitate the interaction between researchers, consult-
ants, constructors, equipment manufactures and clients from
all over the world.

As a landmark event, Deep Mixing´05 was organised to docu-
ment major developments of deep mixing methods, including
recent technical and equipment development, experience from
case histories in different parts of the world as well as stand-
ardisation efforts in Europe and elsewhere. An effort was made
to bring together representatives of the deep mixing industry
from different parts of the world and to facilitate information
exchange and discussions.

The papers submitted to the conference were reviewed by a
scientific committee, which helped to assure a high technical
and scientific level. The conference organisers wish to thank
the authors for their excellent contributions.

The Technical Programme comprised Regional Reports, State-
of-Practice Reports and Keynote Lectures by eminent inter-
national experts in the area of deep mixing. Invited panellists

Linköping, May 2005

Bengt Rydell Gunnar Westberg K. Rainer Massarsch
Chairman Secretary Chairman
Organising Committee Organising Committee International

Advisory Committee

discussed important topics, covering field and laboratory test-
ing, design aspects and solidification of contaminated soils.
In one session, the results of case histories were presented.
During the conference, a Technical Exhibition was held, where
equipment manufacturers, consultants and contractors as well
as material suppliers informed about their products and serv-
ices. An Internet Exhibition was also available at the confer-
ence Web site, presenting the worldwide deep mixing society.
Following the conference, a Technical site visit with field dem-
onstrations was organised.

An important aspect of the conference was to facilitate com-
munication on the Internet, using an interactive Web platform.
All abstracts were published on the conference Web Site.
Registered conference participants were able read papers in
advance of the conference and to discuss interesting topics as
part of an Internet Poster Session and also exchange ideas on
deep mixing at a Discussion Forum.

The successful planning and implementation of the confer-
ence would not have been possible without the hard work and
competence of many individuals, as well as the support of
many organisations and companies. Their support and contri-
bution is gratefully acknowledged.
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Readers guide to Proceedings

The proceedings contain the written contributions to the In-
ternational Conference on Deep Mixing. Best Practice and
Recent Advances (Deep Mixing’05). The proceedings were
published in electronic form on two CDs as well as in printed
format.

An important aspect of Deep Mixing ´05 was to establish ad-
vance contact and interaction between authors of papers and
conference participants, thereby facilitating the exchange of
ideas during the conference. For that reason, a communica-
tion tool within the Internet has been established.

Technical and Scientific Documents
The Proceedings of Deep Mixing ´05 include Regional Re-
ports, State of Practice Reports, Keynote Lectures and Tech-
nical Papers.

Regional Reports have been prepared by leading experts from
three regions where deep mixing methods are used extensively:
Europe, Far East and North America. These reports are in-
tended to give an overview of the use of dry and wet deep
mixing methods and their applications within a specific re-
gion. The Reports address the main topics of the conference
and a summary of methods and applications, organisations
within the region, the state of the industry, present and future
markets, and the development of standards/manuals/best prac-
tice guidance documents. Development trends and future needs
of improvement with regard to design, equipment, materials,
quality control and standardisation are also outlined.

State of Practice Reports give an overview of current best
practice and recent advances of dry and wet mixing methods,
covering the themes of the technical sessions. The Reports
summarise best practice, based on the author’s experience,
including relevant papers submitted to Deep Mixing‘05, but
also on recent developments, which were presented at other
conferences and the geotechnical literature. The advantages
and the limitations (technical, economic, traditions etc.) of
deep mixing methods are described. Future needs of improve-
ment with regard to the session themes are presented.

Keynote Lectures by invited experts focus on specific topic,
chosen by the lecturer within the scope of the technical ses-
sions.

Technical Papers were accepted based on submitted abstracts.
The draft papers were reviewed by a scientific committee.
Based on the main topic addressed in the respective papers,
these were assigned to the most appropriate session.

Contents of Proceedings
The conference is documented in proceedings consisting of
two volumes:

Volume 1: Recent Advances
Regional Reports
Technical Papers
Keynote Lectures

Volume 2: Best Practice
State of Practice Reports
Welcome and Closing Addresses
List of Participants
List of Partners and Exhibitors

Volume 2 will also include Technical Papers received after
the deadline of submission.

The two volumes include a Table of Contents and an Author
Index. The Technical Papers in Volume 1 are grouped in the
session topics. The papers are listed in alphabetical order, based
on the name of the first author.

Publisher
The proceedings are published by the Swedish Deep
Stabilization Research Centre (SD) in the SD Report series.

References to proceedings
When using material from these Proceedings full credit shall
be given to the conference and the author(s).
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Regional Report: Asia  
 
 
Nozu, M. 
Fudo Construction Co., Ltd., 6-1 Nihonbashi Koami-Chuo, Chuo-ku, Tokyo, Japan 
nozu@fudo.co.jp 
 
 
 
ABSTRACT: In Asian region, the deep mixing method has been developed in Japan since 1960’s, and it has been widely 
used in Thailand since 1998. In this report, current condition of deep mixing method and its perspective in Asian region are 
described. At first, the present condition of deep mixing method is mentioned and afterward, reference manual and standards 
documents, efforts for standardization, development trend, and the needs in future are shown. 
 
1 General description of the geotechnical and 

geological conditions and regional variations. 
 
The magnitude of the strength increase of treated soil by 
lime or cement is influenced by characteristics and 
conditions of soil, since the basic strength increase 
mechanism is closely related to the chemical reaction 
between the soil and the stabilizing agent. Japanese 
research groups have studied the influence of the soil 
properties and concluded that the major influential factors 
were acidity (pH) and organic carbon content of the original 
soil (Okumura et al., 1974, Terashi et al., 1979). Main 
factors of the original ground are as follows. 

(1) Physical chemical and mineralogical properties of soil 
(2) Organic content 
(3) pH of pore water 
(4) Water content 

 
Soil properties in Asian countries have been well 
investigated so far (Shiwakott, et al, 2002, Tanaka, et al. 
2000). Table 1.1 shows the soil properties in Asian 
countries (Tanaka, 2001 and additional data from author). 
According to the table 1.1, it is clarified that there is some 
difference between Japanese soil properties and other 
countries as follows. 
(1) In Japanese clay, the density of solid particle is slightly 
small and strength increase rate (su/p) is larger than the 
other country soil. The reason is caused by the difference of 
clay minerals, that is, Japanese soils contain a large number 
of smectite while the Singapore clay has a large kaolinite 
from the results of X-lay diffraction test. In addition, it was 
revealed from the observation of Scanning Electron 
Microscope (SEM) that Japanese soils contain a large 
proportion of microfossils, especially diatoms. It is 
anticipated that peculiarities of Japanese clay (such as large 
activity, large strength parameters and low density of solid 
particles) might have been caused by the diatom and other 
microfossils present in them. 
(2) In south-east Asian big river delta, such as Mekong 
Delta, Hong river delta, and Chao-Phraya Lowland, the 
coefficient of consolidation cv of clay layer is relatively 
lower than the cv value in Japanese clay, and the clay 
particle size is also smaller than Japanese clay. It is 
considered due to the difference of river length and 

drainage basin area, although the sampling procedure is not 
same as Japanese style. Therefore, the deep mixing method 
is considered to be more suitable than vertical drain method, 
since the drain method requires quite a long time to proceed 
consolidation in the clay layer of south-east Asian big river 
delta. 
(3) In Mekong delta clay, Vietnam, the low pH value (5.4 
to 5.8) was measured (Nozu, et al, 2004, see Table 1.1). 
Figure 1.1 shows the results of laboratory mix test with 
Ordinary Portland cement and Mekong delta clay. 
Comparing with the case of typical Japanese clay (In case 
of the amount of stabilizing agent: 100kg/m3, qu=1-3MPa, 
200kg/m3: qu=1.5-6MPa are expected.), the rise of strength 
after mixing tends to be low. The reason is estimated that 
pH value is relatively low and the cement particle could not 
spread into the clay since the clay particle is extremely 
small. Therefore, sufficient mix design and the proper 
mixing procedure during Deep Mixing work is required in 
South-East Asian region work. 
 
 
Table 1.1 Soil Propeties in Asia (after Tanaka, 2001) 
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Figure 1.1 Laboratory mix test results with 
Vietnam Mekong Delta clay 
 
2 Organisations working with deep mixing 

(research, standardization, QA, marketing, 
regional and international co-operation etc.) 

 
Figure 2.1 shows the clarification of Japanese Deep Mixing 
methods. In Japan, wet method has been established and put 
into practice by PHRI (Port and Harbour Research Institute) 
since 1968, and dry method has been researched by PWRI 
(Public Works Research Institute) since 1980. At the 
present moment, wet method and dry method have been 
recognized as reliable gtound improvement method. Wet 
method has been methods with large amount of work 
records over 60 Million m3 (see Figure 2.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Clarification of Deep Mixing methods 
 
At present, there are two organizations for deep mixing, 
namely CDM and DJM associations, in which more than 
ten companies take part in, and some research, 
standardization, QA, marketing of Wet and Dry mixing 
respectively have been executed in this twenty years. 
Secretary-general and technical committee in which the 
committee member are sent from their mother companies, 
have been organized in those associations. Those technical 
committee members cooperated to work for making 
manuscript of  ‘Design and Construction Manual of on-land 
Deep Mixing method (1999)’ edited by Public Works 
Research Center. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Work records of Wet and Dry methods in 
Japan 
 
 
-CDM Association : 
 8-21-1, Ginza, Chuo-ku, Tokyo, Tel.+81-3-3542-8820, 
URL:www.cdm-gr.com 
-DJM Association : 
 1-2-8, Shinkawa, Chuo-ku, Tokyo, Tel.+81-3-3553-3028, 
URL:www.djm.gr.jp 
 
 
The contribution of JGS (Japanese Geotechnical Society) 
should be mentioned as the organization for deep mixing 
method. Many efforts such as editing the course regarding 
Deep Mixing method in the monthly journal, 
standardization for ‘The Practice for Making and Curing 
Stabilized Soil Specimens without Compaction (JGS0821)’, 
and working as auspice of IS-Tokyo’96 have been executed 
with JGS flame-works. 

Meanwhile, in the other Asian countries, there is no such 
organization for deep mixing method. Private companies 
are working with their machines individually. 
 Asian Institute of Technology has been published 
the book for ground improvement, including Deep 
Mixing (Bergado.1994). 
 
 
3 Major conference, symposia, R&D projects 

(past and ongoing), important reports and 
relevant guidance documents 

 
Table 3.1 shows the major conference, symposia, R&D 
projects (past and ongoing), important reports and relevant 
guidance documents in this decade. 
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Table 3.1 Main activities of conference, symposium, and research project in Asia 

A.D. In Japan International Activity 
1996 JGS Technical committee 

and symposium: Research of 
Cement treated soil  
 

IS-TOKYO’96 conference,  
This conference was held under the auspices of ISSMFE, TC17 and Japanese 
Geotechnical Society. 
In the conference, keynote lectures, oral presentations, poster-sessions, and 
technical exhibition were performed and those activities made great impact on 
participants from Asian countries (Thailand 14, Korea 13, China 13, Taiwan 9, 
Singapore 4, Saudi Arabia 3, Indonesia 1, Bangladesh 1) (Yonekura and Terashi, 
1997). 
The engineers from Thailand visited the technical exhibition and revised their 
mixing blades similar to the Japanese mixing blade. 
In addition, the western countries were influenced by the IS-Tokyo’96, and they 
determined to have continuous conferences in Stockholm and Helsinki, and the 
workshop in America under the auspices of ISSMGE. 
The reasons of success for IS-Tokyo’96 are as follows.  
-Large number of experiences have been stocked in Japan before the conference, 
regarding both Dry and Wet method. 
-Standard for ‘The Practice for Making and Curing Stabilized Soil Specimens without 
Compaction (JGS0821)’ has been already existed. 
-JGS Technical committee was very active and supported the conference 
effectively. They made the core of the proceeding vol.2. 

1999 Publication of ‘Design and 
Construction Manual of on-
land Deep Mixing method 
(1999)’ edited by Public 
Works Research Center 

1996-1999, JAPAN (JICA+MOC-PWRI)-THAILAND Joint Study on Soft 
Clay Foundation 
International cooperation and technology transfer in the field of soft ground 
were executed. The author took part in the Joint seminars, technical manual 
writing, and many meetings concerning deep mixing and prefabricated board 
drain. 
(see Miki, et al. 2000, 2004) 

2002 Publication of ‘THE DEEP 
MIXING METHOD’ by 
Kitazume and Terashi. 

Deep Mixing Tokyo Workshop 
Around 50 engineers from all over the world took part in the workshop and 
visited the construction site for DJM and CDM. 

2003 JGS Technical committee on 
Research of properties and 
test procedure for Cement 
treated soil was set up. 
 

International Symposium 2003 on Soil/Ground Improvement and 
Geosynthetics in Waste Containment and Erosion Control Applications, 
AIT Conference Center, Bangkok, Thailand 
The examples of Deep Mixing, Pile loading test for confirming deep mixing pile 
strength, and behavior of self-retaining wall in Thailand, were discussed. 

2004  The Fifteenth Southeast Asian Geotechnical Conference, Bangkok, 
Thailand was held under the auspices of ICSMGE, Southeast Asian 
Geotechnical Society. 
There were some presentations regarding Deep Mixing methods. 

 
4 Standardisation work and relevant 

documents 
 
In Asian countries, standardization work and information 
exchange have been implemented in this decade. Four 
activities worthy of special mention are described as 
follows. 
 
(1) Publication of THE DEEP MIXING METHOD 
(Kitazume and Terashi, 2002) 
This book have been edited by COASTAL 
DEVELOPMENT INSTITUTE OF TECHNOLOGY 
(CDIT), JAPAN and published by A.A. Balkema 
Publishers, a member of Swets & Zeitlinger Publishers. 

It was written by Dr. Kitazume, Dr. Terashi, and Japanese 
engineers at the forefront of deep mixing field. The table of 
contents is as follows. 

Chapter 1 Outline of the Deep Mixing Method 
Chapter 2 Factors Affecting Strength Increase 
Chapter 3 Engineering Properties of Treated Soils 
Chapter 4 Applications 
Chapter 5 Design of Improved Ground by DMM 
Chapter 6 Construction Procedures and Control 

Moreover, in appendix, the Japanese standard ‘Summary of 
the Practice for Making and Curing Stabilized Soil 
Specimens without Compaction (JGS0821)’ is described in 
detail and looks valuable for all engineers who concern the 
deep mixing method. 



(2) MANUAL FOR DESIGN AND CONSTRUCTION 
OF CEMENT COLUMN METHOD    (1998) 
International cooperation and technology transfer in the 
field of soft ground were executed in the framework of 
JAPAN (JICA+MOC-PWRI)-THAILAND (Department of 
Highway) Joint Study on Soft Clay Foundation (Leader: Dr. 
H. Miki in PWRI, 1996-1999). 
The Manual was written by author and other 
members in this international cooperation (see Miki, H, 
et al. 2000, 2004). 
The table of contents is as follows. 

Chapter 1 Introduction 
Chapter 2 Design 
Chapter 3 Construction 

In addition, Specification example of Deep Mixing work in 
Thailand is attached in the manual for the reference. 
 
(3) TECHNICAL STANDARDS AND 
COMMENTARIES FOR PORT AND HARBOUR 
FACILITIES IN JAPAN 
This Technical Standards were translated in English and 
have been sold by THE OVERSEAS COASTAL AREA 
DEVELOPMENT INSTITUTE OF JAPAN (OCDI). 

The Deep Mixing method is the part of the standards. It 
is able to be purchased on the following web-site (660 
pages, USD300). 
http://www.ocdi.or.jp/en/info/public.html 
 

(4) AIT report for ground improvement (1994) 
This is the technical report written by Prof. A.S. 
Balasubramaniam and Prof. D.T. Bergado in Asian 
Institute of Technology (AIT), in which the design and 
construction procedure for Vertical Drains, Granular Piles, 
Lime/Cement Deep Mixing Method, and Mechanically 
stabilized earth (MSE) embankment/walls are described. 
And the results of test construction in the site of AIT are 
included. 
*D.T. Bergado, J.C.Chai, M.C.Alfaro and A.S. 
Balasubramaniam (1994), Improvement Techniques of 
Soft Ground in Subsiding and Lowland Environment, 
A.A.BALKEMA 
 
 
5 General application of deep mixing methods 

(wet and dry) within various parts of the 
region (which are most common, reasons, 
limitations etc.) 

 
Soft clay deposits of Southeast Asia are shown in figure 
5.1. According to this figure, soft clay is widely spread 
especially in Large River Delta, and the potential demand 
of ground improvement will be increased due to supplying 
the infrastructure. 

Table 5.1 shows the application of Deep Mixing 
methods for each Asian country 

 
Table 5.1 General application of Deep Mixing for each Asian countries 

Nations Type of 
Mixing 

Diameter 
(m) 

Maximum 
depth 

Main purpose and Construction records 

Wet 1.0-1.6 50m 
(-70m, from 
sea level, 
off-shore) 

Many kinds of purposes, such as port structure (quay-wall, breakwater) 
foundation, Self standing retaining wall, building foundation, anti-liquefaction 
with lattice type pile arrangement, and so on 

Japan 
 

Dry 1.0-1.3 33m Road embankment and river dike foundation for increasing stability and reducing 
settlement. 
It is difficult for Dry method to be applied in the sandy layer with low natural 
water content, less than 30%. 

Thailand Wet,Dry 0.6 20m Road embankment foundation for increasing stability and reducing settlement. 
Application for self standing retaining wall is now considering for some projects. 

Korea Wet 1.0  Not so many cases 

Singapore Wet 1.0-1.3 20m or less self standing retaining wall for excavation work for building foundation, Not so 
many cases 

Vietnam Wet 0.6-1.3 30m or less Road embankment and river dike foundation for increasing stability and reducing 
settlement 

 
 
6 Typical applications of wet mixing 

respectively (foundation engineering 
applications on land, marine and offshore, 
earthquake and soil dynamics, and 
environmental applications). 

 
Figure 6.1 shows the main applications for deep mixing 
method. 

In Japan, the accumulative volume of treated soil using 

wet-type DMM from 1977 to 1998 reached 38 million 
cubic meters. Figure 6.2 shows a comparison of the treated 
soil volumes between on land application and marine 
application. For on land applications, the method has 
mainly been applied to improve slope stability, to prevent 
building subsidence and to improve the bearing capacity of 
foundations. In approximately 50% of marine applications, 
it has been applied to improve the foundations of 
revetments. 
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Figure 5.1 Soft clay deposits of Southeast Asia 
(after Brand & Premchitt, 1989) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2. Location of projects introduced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 

 
 

Haneda airport

 

Yodo river

 
Fukishima Port

Figure 6.2. Volume of treated soil for on land and marine applications. 

Figure 6.1 Main applications for deep mixing method in Japan 



Among a lot of previous applications of DMM in Japan 
and Thailand, five examples are selected and briefly 
introduced in this section:, Breakwater Construction 
Project at Fukushima Port, Yodo River Dike Project 
(Countermeasure against liquefaction), Self standing 
retaining wall in Haneda airport, building foundation, and 
Road embankment in Route 34, Thailand, (Kitazume, 
Terashi,, 2002). 
 
(1) Breakwater construction project at Fukushima 

Port. 
A breakwater with 152 m in length was constructed at 
Fukushima Port, Hokkaido in the winter of 1995. In this 
project, the soft clay layer was improved by DMM with 
cement slurry (Tokoro & Ogura, 1997). Figure 6.4 shows a 
typical cross section of the breakwater. This was the first 
application of DMM under very cold climatic conditions in 
Japan. During the construction, the lowest temperature was 
-12 °C, and snowfall was 135 cm in a month. All the plant 
and equipment were lubricated with non-freeze oil and 
grease and the pipes on the decks of work vessels were 
heated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3 Planning area of DMM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 Cross section of breakwater. 
 
In order to estimate the influence on the workability of the 
slurry of the low temperature, preliminary tests were 
performed under similar weather conditions. Considering 
the test results, the pouring time of the slurry was 

controlled to be within 60 minutes after mixing. The 
Global Positioning System (GPS) was applied for 
positioning the DM barge because optical survey 
equipment could not be used during heavy snowy weather. 
Although the improvement work was sometimes 
interrupted by heavy storms, the construction work was 
completed successfully with relatively slow progress. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5 Photo of DMM barge. 
 
(2) Countermeasure against liquefaction, Yodo River 

Dike Project. 
Yodo River flows from Lake Biwa to Osaka Bay through 
Osaka City. Due to the Hyogoken-Nambu Earthquake in 
January 1995, the river dike was damaged for the length of 
1.8 km because of slope failure due to ground liquefaction 
(Kamon, 1996). A representative cross section of the 
damaged dike is shown in Figure 6.6. The top portion of 
the river dike sank down about 3 m. The damaged dike had 
to be restored very quickly because there was a risk of 
flooding during the rainy season which commences in June. 
Because there were many residential houses in the 
neighborhood along the river dike, it was necessary to 
avoid noise and vibratory problems during the construction. 
Therefore, the DMM method was mainly applied there 
because it has less noise and vibration. Grid type 
improvement was applied to increase the stability of the 
dike, that is grid will reduce shear deformation and avoid 
the increase the excess pore water pressure due to 
earthquake, as shown in Figure 6.7. In the construction 
period, more than 50 DMM machines were simultaneously 
put into operation for rapid restoration (see Figure 6.8). 
 
 
 
 
 
 
 
 
 
 
Figure 6.6. Earthquake-damaged dikes along Yodo 
River. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7 Cross section of restored river dike by 
DMM and typical pile arrangement of grid type 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8 Construction site at the side of Yodo river  
 
So far, the grid type deep mixing method (TOFT) has been 
in great success against liquefaction. For example, in 
Hyogoken-Nanbe earthquake 1995, Kobe oriental hotel 
had no damage due to application of TOFT, while outside 
of hotel has sand liquefaction. In addition, reduction effect 
for generating excess pore water pressure was observed in 
Niigata during the earthquake. 

Recently, long rod type deep mixing machines have 
been developed and widely used for river-dike stability 
increase in Kanto-area, Japan (see Figure 6.9).  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9 Long rod type deep mixing machines 
 
(3) Self-standing retaining wall 
Large scale retaining wall without any braces were 
required in New Haneda airport terminal building (see 
figure 6.2). Consequently, deep mixing self-standing 
retaining wall system was adopted in this project. For the 
purpose of keeping safety and reliability, ‘compound type 
deep mixing method using cross jet stream and mechanical 
mixing’ have been investigated and employed. The details 
of the method are introduced in chapter 9. The bottom of 
excavated area was improved by DMM in order to reduce 
the up-heaving of ground. The design strength is 300-
940kPa, deep mixing column length 20m, excavation depth 
is around 9m and the quality of overlapping area 40cm was 
taken into consideration for determining the method. 
Figure 6.10 and 6.11 show the typical excavation area. 
 In Shikoku island, similar self-standing retaining wall 
using DMM was adopted in 1994 for the pump-station 
excavation in new thermal power plant area. In that case, 
steel sheet piles were installed just around of DMM wall to 
cut off the sea water (see Figure 6.12). 
 Figure 6.13 shows the DMM machine for the temporary 
wall for building underground excavation in Singapore. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.10 Typical cross section of Haneda DMM 
wall 
 

-2.5m 
 
Excavation                    DMM 

-11.7m               
 
 
 
 
-23.3m 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.11 Photograph of Self-standing retaining wall 
in Haneda airport 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12 Photograph of Self-standing retaining wall 
in Shikoku island thermal power plant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.13 are the photograph of DMM machine for  
Self-standing retaining wall in Singapore 

(4) Building foundation 
In recent Japan, DMM has also been employed for building 
foundation shown as figure 6.14. In this application, the 
quality of unconfined compression strength and its 
uniformity are highly requested comparing the case of 
other structures. Japanese Architectural Society has 
published the standards of deep mixing application for 
building foundation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.14 Application of DMM for building 
foundation  
 
(5) Application to Road Embankment 
In Thailand, wet type deep mixing method has been used 
for especially embankment (with 2.5-3.5m in height) 
stability and reduction of long-term settlement, since IS-
Tokyo’96 was held. It is called ‘Cement Column’ in 
Thailand.  
 The floating type Deep Mixing method has been utilized 
in a project to widen an expressway in south of Bangkok 
(Teeracharti, 1998, Miki, 2004). Measurement data of 
settlement, pore water pressure, earth-pressure etc. due to 
embankment loading (H=3m) have recorded at each of 
locations (see Figure 6.15). Time settlement relationship 
for the ground between columns (on sand), and above the 
columns (on cement columns), is shown in Figure 6.16. 

According to Figure 6.16, around 20 cm of settlement 
was recorded at the site after 420 days had elapsed. That 
further settlement would occur was predicted by 
consolidation calculations. Thus, the use of proposed 
design procedure by Miki, 2004 may be considered 
appropriate for making a prior estimate of settlement. 
 Figure 6.17 are the photographs of DMM machine for 
cement column in Thailand. Their machines are not so 
large that maximum depth for improvement is around 18-
19m. 





 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.17 Photographs of DMM machines for 
cement column in Thailand 
 
 
7 Typical applications of dry mixing 

respectively (foundation engineering 
applications on land, marine and offshore, 
earthquake and soil dynamics, and 
environmental applications). 

 
Dry type deep mixing method has been applied for the 
foundation of road embankments or river dikes. Recently, 
as a measure to reduce lateral deformation and settlement 
due to road embankment loading on the soft clay ground, 
the column type Deep Mixing method used at a low 
improvement ratio of around 10-20% (LiDM by Miki, 
2004) has been found to have sufficient performance and to 
save total costs in Japan.  
(1) Design procedure of LiDM 
The main features of this method can be summarized as 
follows: 
 Since the whole bottom surface of embankment is 
improved all over, shear deformation toward outside of 
embankment due to settlement at the center part can be 
reduced compared with the conventional type (Figure 7.1). 
Since the volume of embankment can be saved due to 
sufficient reduction of settlement, LiDM is considered to 
be environment-friendly. 

 When the column diameter is small (60-100 cm), small 
sized installation equipment and a simple loading test for 
quality control can be used. 

A rational design procedure for the LiDM has been 
formulated based on the results of laboratory model test 
(see following (a)-(b), Miki, 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1 Comparison of improvement pattern 
 
Two cases of deep mixing method for road embankment, 
such as ‘Floating type’ and ‘End bearing type’ are 
discussed. Settlement of improvement ground due to road 
embankment should be investigated about both ‘Total 
settlement’ and ‘Differential settlement between columns’, 
according to estimations in Table 7.1. 
 
Table 7.1 Settlement estimation for LiDM 

   Differential settlement  Total settlement 

Surface 
Improvement*
1) 

No surface 
Improvem
ent 

Floating 
type  

(a) Estimate 
Young modulus of 
composite ground 
and stress 
distribution in the 
unimproved area 

(b) FEM*2) 
(d) New 
Modeling of 
loading (Miki 
2004 b) 

(b)FEM*2) 
(d) New 
Modeling 
of loading 
(Miki 
2004 b) 

End 
bearing 
type 
(improved 
up to the 
bottom of 
layer) 

(c) Modeling of 
loading between 
each columns 
(Miki. 1997) 

(b) FEM*2) 
(d) New 
Modeling of 
loading (Miki 
2004 b) 

(c)Modeli
ng of 
loading 
(Miki. 
1997) 

*1) The case that the ground surface is improved by such 
as shallow stabilization. 
*2) Soil-water coupled two-dimensional FEM analysis 
using such as Cam-Clay model is considered to be 
available for these cases.  
 

1:1.8     H=8m 

(a)Conventional type 

(b)LiDM 







 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.6  Test embankment in Niigata 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.7 Mixed column with Dry mixing 
 
 
8 Quality Control 
 
In Deep Mixing, there are three stages for Quality Control, 
such as Mix Design, Construction Control, and Check 
Boring.  
 In the Mixing Design, the standard of ‘Summary of 
the Practice for Making and Curing Stabilized Soil 
Specimen without compaction (JGS0821)’ was established 
by Japanese Geotechnical Society (Kitazume, 2002), and 
has been widely used.  
 In the Construction Control, blade rotation number 
(Kitazume, 2002) and cement volume are controlled during 
mixing procedure. 
  In the Check Boring, ‘Core boring and unconfined 
compression test’ is widely applied in Japan, normally with 
every 500 columns. ‘Pull up column and unconfined 
compression test’ or ‘Column Loading Test’ are used in 
Thailand. The merit and notices are described in Table 8.1. 
 
 

Table 8.1 Check-boring in Asian region 
Country Procedure Merits Note 
Japan Core Boring 

with core-
pack sampler 
(see Figure 
8.1) and 
Unconfined 
Compression 
Test 

The actual 
samples could 
be seen and 
confirmed 
directly. 

It is easy to have a 
crack in the 
specimen at the 
moment of core 
sampling. So, 
skilled person and 
special core 
sampler with vinyl 
pack are required. 

Thailand Pull out the 
column and 
Unconfined 
Compression 
Test (see 
Figure 8.3) 

The actual 
columns could 
be seen and 
confirmed 
directly. 

The case of 
diameter 600mm is 
only possible. 

Thailand, 
Vietnam 

Loading Test 
(see Figure 
8.4) 

Special core 
sampler is not 
necessary. 

The quality 
through all depth 
could not be 
confirmed. Large 
facility is required 
if the diameter is 
large. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1 Core pack tube sampler 
 
 
Core specimen is packed by vinyl 
tube automatically in the ground. 
However, it is difficult to sample in 
the case that RQD is not so high, 
such as the Dry mixed column in 
Figure 8.2. 
 
 
 
 
 

Figure 8.2 Dry mixed column (after G. Holm, 2002) 

Inner 
tube 
 
Vinyl 
tube 
Outer 
tube 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.3  Pulling out the column in Thailand 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.4 Machine in Vietnam and Column Loading 
test using Concrete block as counter weight 
 
 
 

9 Research and future development needs and 
Market shares, trends and future expectations 

 
In Japan, the application of Deep Mixing has been 
diversified such as foundation of many kinds of building 
and bridge abutment, self-standing retaining wall, and 
countermeasure against liquefaction due to earthquake. 
Large diameter and high strength column are required and 
developed in each companies and groups. 
 JACSMAN is a new large-diameter deep-mixing 
method that combined the advantages of mechanical 
mixing and jet stirring (Kawanabe and Nozu 2002, see 
Figure 9.1).  Therefore, it is possible to ensure 100% soil 
improvement such as figure 9.2. Control of the improved 
area is made possible through the use of dual, cross-jetting 
nozzles that emit a hardening agent. Cross jet streams 
affect a more uniform area than conventional jet mixing, 
giving precise control over the diameter of the improved. 
 In future, the quality of Deep Mixing method will be 
more improved and widely used in many aspects. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.1 Combination mixing method of Jet grout an 
Deep mixing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.2 Application of JACSMAN 



10 Conclusion 
 
In Asian region, the deep mixing method has been 
developed since 1960’s. In this report, Major conferences, 
Standards, Working organizations, Applications, Quality 
control and Future expectations with Deep Mixing in this 
decade in Asian region are reported. 
 It is great pleasure for the author if this report will be 
useful to whom it may concern. 
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ABSTRACT: Europe has a diverse topographic, social and economic structure. The geological and geotechnical setting is 
complex, with difficult geotechnical conditions in many urbanized areas. The geological and geotechnical conditions in 
European countries are described. The evolution and recent developments of deep and shallow soil mixing methods are 
presented, covering dry and wet mixing methods. The practical application of deep and shallow mixing is discussed. Based 
on the European standard on deep mixing, prEN 14679, design and execution aspects are addressed and illustrated by 
examples. The activities of European organizations and regulatory agencies, which are of relevance for the execution of 
deep mixing, are listed. An overview of the geo-hazards in the European region, for the mitigation of which deep mixing 
could be applied, is given. Recent conferences and the RTD activities of organizations, institutions and authorities are 
summarized. An overview is given of typical deep mixing applications in Europe. Finally, market shares of soil mixing 
methods and future RTD needs are addressed.  
 
1 INTRODUCTION 

1.1  European Setting 
Europe comprises a diversity of geographic, topographic 
and urbanized regions, with large natural, technical and 
cultural resources. Powerful metropolitan areas are the 
major source for industrial and technical development. The 
diversity of rural regions, coastal areas, islands and 
mountains offer a multitude of opportunities for growth and 
development. The distance from the northernmost to the 
southernmost point is 4 250 km and the east-west extension 
is 5 500 km, Fig. 1.  

 

Fig. 1.  Topographical map of Europe, compiled 
from www.google.com.  

 Europe has, compared to its surface area, a very long 
coast line, longer than any other continent. About one third 
of the surface area consists of islands and peninsulas, such 
as Iceland, Ireland, and the British islands, Scandinavia, 
Italy or Greece. Many of these coastal zones are densely 
populated, and in particular in the vicinity of estuaries. 
Europe is the second smallest - but the second most densely 
populated – continent, with over 730 million inhabitants 
(1999). About 70 % of the population lives in urban areas 
which are located in central Europe and concentrated in 
southern England, Belgium, The Netherlands, Luxemburg, 
Germany and Northern Italy, Fig. 2.  

 
Fig. 2.  European growth areas according to EU 

study, ESPON Project 1.3.1 (2004).   



 In the Mediterranean countries the urban areas are 
concentrated along the coastlines and are often associated 
with the tourism industry. This makes Europe one of the 
most urbanised continents in the world 

1.2  The European Union 
The European Union (EU) of soon 27 countries will 
provide the living space for approximately 500 million 
people, covering over 4 million km2 of land. The enlarged 
EU has, seen from a European perspective, a dominant core 
area - the "Pentagon" shaped by London, Paris, Munich, 
Milan and Hamburg, cf. Fig. 2. This region has a well-
developed infrastructure. Around 40 % of the population 
lives in this core area, which covers only 20 % of the 
territory, but accounts for 50 % of GDP per year within the 
EU. Future growth and prosperity rely on efficient transport 
and communication networks and global connections. 
However, a number of other regions are facing problems 
due to historic reasons, geographical features, demographic 
development and a fragile environment. Also there the 
potential for future growth is very high.  

1.3  Challenges for the Geotechnical Profession 
Europe covers an area, which is diverse in terms of 
geology, topography and distribution of urban and rural 
areas. Europe is a highly industrialized region, the wealth 
and future growth of which depends to a significant degree 
on an efficient construction industry. However, decreasing 
land resources, intensified urbanization and development of 
marginal land offer new challenges to planners and 
engineers. Industrial and sociological development requires 
reliable energy supply and an efficient distribution 
infrastructure.  
 At the heart of social and industrial growth are the 
development and safe operation of a modern transportation 
infrastructure (railways, highways, sea ports and airports), 
and an efficient communication network. However, the 
mounting pressure due to urban expansion has a negative 
environmental impact. Examples are change of 
groundwater regime, release of contaminants to surface and 
ground water, increased level of noise and vibrations etc.  
 A challenge for the geotechnical profession is to 
supply efficient but also environmentally-friendly 
construction techniques, to reduce the consumption of 
natural resources and to promote the use of less harmful 
products. The construction industry - and to a high degree 
the foundation industry – can play an important role in this 
effort.  
 For many of construction projects, cost-effective 
ground improvement methods are important. Specific 
foundation methods are used in different regions, based on 
geological settings, tradition, climate considerations and 
experience of the local construction industry. This aspect 
has been recognized by the EU, which is funding several 
research and development projects. An important goal has 
been the establishment of thematic networks, embracing all 
participants of the construction industry, such as 
governmental bodies, contractors and material suppliers, 
consultants and researchers as well as standardization 
institutes and other professional organizations. At the same 

time, the EU is introducing new regulations which have the 
aim to harmonize design by standardization and to assure 
safe and environmentally-friendly project execution at an 
adequate quality level. These developments will affect the 
foundation industry in the EU and the future application 
and potential marked of ground improvement methods, 
including soil mixing.  
 
2 GEOLOGY OF EUROPE 

2.1  Geological Conditions 
Europe has a complex geology, Fig. 3. The oldest 
geological regions are found in the north-eastern part of 
Europe, which is dominated by the Fennoscandian (or 
Baltic) shield which includes Norway, Finland and the 
north-western part of Russia. Most of Scandinavia is 
covered by moraine. Glacial erosion has reshaped the 
surface layers of Scandinavia and the northern areas of 
central Europe and the British islands, with glacial and 
post-glacial deposits in valleys and depressions. Deep 
fjords towards the west and an extensive archipelago, with 
numerous small islands towards the east, characterize the 
coastal regions of Northern Europe.  

 
Fig. 3.  Geological map of Europe. Published with 

the permission of BGR. Copyright BGR, 
(Asch, 2004). 

 The flat areas of the Scandinavian and Baltic region, 
the Kola peninsular and Karelia were exposed to glacial 
erosion and are characterized by numerous lakes. The flat 
areas of southern Sweden and most of Denmark belong 
geologically to the Central and Western European 
morphological zone, characterized by moraine deposits and 
glacial river beds, filled with post-glacial deposits. The 
central and northern areas of Europe are drained by large 
rivers, flowing in shallow valleys, such as the Wisla, Elbe 
and Rhine. Towards the south dominate moderately high 
mountains, plateaus and rolling hills. In the west, several 
large basins (London-, Aquitaine- and Paris basin) are 



drained by large rivers, such as the Thames, Garonne, Loire 
and Seine. Ridges of sedimentary rock (Cuesta landscape) 
form undulating landscapes, which are typical for the 
London and Paris basin as well as in southern Germany. 
The Central Massive is located to the east of the Aquitaine 
basin, with extinct volcanoes and carstic lime stone regions. 
 The eastern flat lands from the Baltic to the Ural 
mountain range are the largest flat areas of Europe, usually 
with elevation below 200 m high. The northern plateaus are 
characterized by moraine and ice-age deposits, while the 
southern regions are dominated by eolian (loss) soils. Large 
rivers drain these areas towards the north and the south. The 
Caucasus mountain range and the Caspian Sea create the 
southern boundaries, while the Ural mountain range defines 
the eastern boundary. 
  The central European region is dominated by the Alps 
and the Alpine Foreland. The Bohemian mountain range to 
the east changes gradually into the Carpathian Mountains. 
The river Rhine and its tributaries drain the Alpine Foreland 
towards the north, along occasionally deep valleys. The 
Alpine region was glaciated and is characterized by U-
valleys, lakes and major moraine deposit. At the eastern 
boundary of the Alps is located the Vienna basin, which 
was formed during the tertiary period. It is composed of 
deep sedimentary deposits of dense gravel, sands and stiff 
clays and marl (Wiener Tegel). The basin continues 
towards the east into the Hungarian and Romanian low 
lands. The central European region is drained towards the 
east by the Danube River and its tributaries.  
 Southern Europe consists of three major peninsulas 
and a large number of larger and smaller islands. The 
Iberian Peninsula is to a large extent a high plateau, which 
is limited to the north by a mountain range (Pyrenees). Low 
lands are found along the major rivers. The Apennine 
peninsular is dominated by a north-south oriented mountain 
range. The river Po flows from west to east across northern 
Italy and passes through many major Italian cities. The 
estuary creates a wide delta region with many channels. In 
the southern part if Italy several active volcanoes (Etna, 
Stromboli) are located. Also the Balkan region is 
mountainous with extensive carstic regions. The southern 
and eastern European region is a highly active seismic 
zone. The Mediterranean coast line is very variable, with 
several large mountainous islands (Crete, Malta, Sicily, 
Corsica and Sardinia). Iceland and the Faroe Islands are of 
recent volcanic origin where basalt has formed large 
plateaus. Central Iceland is an active volcanic region with a 
large glacier in the southeast. Large sand deposits exist 
along the southern coast.  
 
3 GEOTECHNICAL CONDITIONS 

3.1  General 
The climatic changes during the Quarternary period have 
influenced the geological and geotechnical conditions of 
today. In particular, the most recent glacial period, which 
ended about 10 000 years ago, has had a fundamental 
impact on the geological and geotechnical conditions in 
Europe. The northern hemisphere and the Alpine region 

were then covered by 2 – 3 km of ice. As a result of the 
action of the advancing glaciers the surface was reshaped 
and soil transported over large distances, creating different 
types of moraines. Moraine deposits can be found in all 
areas which have been covered by glaciers. Their granular 
composition can vary considerably but moraine deposits are 
usually dense and overconsolidated. Early Holocene 
conditions seem to have been slightly warmer than at 
present, peaking around 8,000-5,000 years across central 
and northern Europe. During the glacial and post-glacial 
period, glacial rivers transported large quantities of 
sediments towards the cost, where they were deposited as 
very loose sands, silts and clays. Eskers are an important 
geological feature, which can cause significant geotechnical 
problems, Fig. 4. Eskers are only found in areas that were 
once glaciated.  Because they were created by glacial 
meltwater they tend to meander across the surface and may 
resemble the drainage patterns of rivers and streams of 
today.  

 
Fig. 4.  Typical cross section of an esker. 

  Soft clays and loose sands are usually found below the 
highest coast line of the last glacial period. In many 
estuaries of large rivers, sedimentation is still going on and 
resulting in the deposition of deep deposits of silty and 
clayey soils. These soils have usually a high compressibility 
and low strength, thus posing formidable challenges to 
geotechnical and foundation engineers. The following 
summary of the geotechnical conditions in Europe can only 
cover the main geotechnical features, and in particular as 
these relate to deep soil mixing applications. 

3.2  Austria  
The major part of Austrian territory is dominated by 
mountains, which are oriented in the west-east direction. At 
their eastern boundary, near Vienna, the mountain range 
continues towards the northeast in the Carpathians. The 
northern and north-western parts of the country are 
occupied by the southern margins of the Bohemian Massif. 
Two prominent lowlands are the Vienna and the Styrian 
basin. Quarternary deposits are the most important 
foundation soils. During the last glaciation, the Alps were 
covered by ice which shaped the valleys and Alpine 



foreland. Glacio-fluvial sediments are common in alpine 
valleys, such as gravels, sands, silts and clays. In the non-
glaciated foreland, rivers deposited soils in the form of 
terraces, for instance in the Vienna basin. In some areas, 
loess and loam was deposited on top of the older terraces.  

3.3  Baltic Countries 
The territory belongs to the East European Plain. 
Quarternary deposits cover the whole territory, most of 
them originating from activities of the Scandinavian 
glaciation. More than half of the territory is covered by 
glacial till, about 20% by sand. About 5 % is covered by 
swamps.  

3.4  Belgium 
The country is rather flat with a continuous transition from 
a plain at the North Sea and the Dutch boarder to the 
highlands in the south. The northern part of Belgium is 
constituted of secondary, tertiary and Quarternary 
formations slightly banded to the north. Bedrock is covered 
by alternating layers of Tertiary clay, sand and gravel 
sediments with thicknesses up to hundreds of meters. The 
Pleistocene formations have been influenced by glacial 
periods, giving rise to formation of marine, coastal, river, 
lake and wind deposits of sand, clay, peat and loess. 
Holocene erosion and river sedimentation have further 
altered the subsurface, especially in estuaries.  The soil 
deposits of northern Belgium are essentially constituted of 
sands and clays, which are loose formations, similar with 
the formations existing in the Netherlands. The deposits of 
the alluvial and the terraces of the river Meuse, Sambre and 
Scheldt and some of their tributaries are constituted of 
fluvial silts and peat resting sometimes on a thick layer of 
gravel. 

3.5  Bulgaria 
In Bulgaria, soft soils are encountered mainly along the 
Black Sea and the Danube river. In many cases these soils 
are very soft weak and create difficult foundation 
conditions 

3.6  Czechia and Slovakia 
The geo-morphological conditions are characterized by a 
great variety of soil types. About 4/5 of the country is 
rolling countryside with valleys and rivers. Bedrock is 
found often quite near to the surface. The river deposits are 
predominantly coarse-grained. Only in some broad valleys 
in local tectonic basins these are filled with tertiary and 
Quarternary deposits of fine materials. Recent construction 
activities have started to take place in these previously rural 
areas. Tertiary deposits are composed mainly of clays, silts 
and sands with interbedded gravels. These older deposits 
are covered with eolian deposits, loess, slope deposits, such 
as clayey and loamy soils, fluvial deposits and glacio-
fluvial deposits of gravel, sand, loams and clays.  

3.7  Denmark 
Denmark is a lowland area, on average not higher than 30 
m above sea level. The extreme limit of the Scandinavian 
ice shield during the last glaciation is clearly marked, with 
the contrast of between the flat regions towards the west 

(mainly sands and gravels) and the loamy hills of eastern 
and northern Denmark. Marine deposits of sand and gravel 
can be found around the Limfjord in the north. 

3.8  Finland and Karelia Region 
The soils prevailing in Finland were for the most part 
formed during the last Ice age. Due to this, the most 
frequently encountered soils are moraines containing stones 
and boulders. Moraine covers almost 80% of the surface 
area, which overlays Precambrian rock. The moraine soils 
are only a few meters thick and predominantly sandy, but 
can contain blocks and boulders of granite. Besides this, 
clay and silt as well as sand and gravel are found. About 
one third of Finland’s surface is covered by peat.  
 As the glaciers melted, glacial river deposits and shore 
sand deposits were formed. After the melting of the 
glaciers; fine-grained sediments settled in the Baltic Sea; 
first in the form of varved silts and later on clays and 
organic clays. During the humid periods in the recent past, 
extensive swamps led to the development of peaty soils.  
 Coarse grained soils are found mainly in eskers, deltas 
and shore deposits. The gravel deposits are often stony. 
Fine-grained soils are primarily found in the coastal 
regions, where they are for the most part very soft. Clays 
can be organic and silty soils are found more in the inner 
parts of the country. The average thickness is about 10 m, 
but can increase to 50 m in valleys along the coastal region.  

3.9  France 
Approximately 10 % of the area of France is covered by 
sedimentary deposits. Many regions such as the 
Mediterranean coastline, the Massif Central or the Pyrenees 
and to a large extent the Alps consist essentially of 
Palaeozoic zones and metamorphic or crystalline rock 
formations. In most cases these zones are covered by 
residual soils, which were created due to weathering. Two 
large sedimentary basins (Paris and Aquitaine) are covered 
with secondary formations. Two main river valleys (Rhone-
Saone and Rhine) are filled with sediments from 
neighbouring mountains. In numerous smaller river valleys 
and coastal plains, which are mostly covered with 
Quarternary sediments, soft clays, sands and gravels, as 
well as peat can be found. 
 The tertiary and Quarternary deposits are the most 
important areas foundations of civil engineering structures. 
The two main types of soils found in France are eolian 
sands in the form of dunes along the Mediterranean, 
Atlantic and Channel coasts. Marine sands can be found 
both on recent shore deposits as well as in tertiary deposits 
such as the Paris basin. Fluvial sands and gravels are 
frequent in the main river valleys, often in the form of 
terraces. Clayey muds and soft organic clays can be found 
on the Mediterranean and Atlantic coasts and in the valleys 
of main rivers. 

3.10  Germany 
In the northern part of Germany, the Holocene subsoils 
consist of marine and fluvial sediments with different 
organic material, often of low density. Below these 
typically 5 m thick sediments, follow Pleistocene layers, 



which have been preloaded by the Scandinavian glaciers, 
thus having higher density and strength. 
 Large areas in the south and southwest are occupied by 
consolidated hard rocks. Some fluvial and limnal sediments 
are problem soils. Also in central, western and southern 
Germany are large areas which developed during glacial 
and periglacial conditions (for instance as a result of Alpine 
glaciers). The often more than 20 m thick glacial terrace 
deposits (mostly sand and gravel) extend beyond existing 
river channels. In the mountainous regions, numerous 
Pleistocene strata can be found, consisting of 
unconsolidated sediments. 
 Quarternary Holocene deposits consist primarily of 
dune, beach or marine sands and/or gravels. Sandy or 
clayey river terrace deposits exist in coastal areas and river 
valleys, in part with organic intercalations. Marsh areas can 
also contain alluvial loess, peat and gyttja. Quarternary 
Pleistocene soils consist of till, glacial basin clay, loess and 
loess loam, sand and gravel 

3.11  Hungary 
Hungary occupies the central part of the intermountain 
basin of the Alpine belt of Europe – the Carpathian basin. 
The Hungarian central mountains are flanked by two plains. 
The little plain has a basement of Palaeozoic sediments. 
The surface is covered by Holocene and Pleistocene fluvial 
sediments, mainly gravel and coarse sand, which are 
exposed over large areas. The great Hungarian plain is 
filled with Quarternary deposits. This region is 
characterized by sandy – silty hills rising above the mean 
elevation. Some parts of the plain are covered by thick loess 
deposits. The Trans-Danubian Tableland is composed of 
late tertiary deposits which are covered by a thin layer of 
loess. 

3.12  Ireland 
The coastline is formed of strong older igneous and 
metamorphic rocks. The engineering geology is dominated 
by a mantle of 10 to 15 thousand year old glacial till and 
glacial sand and gravel, cobble and boulder. These soils are 
usually medium dense to dense or stiff to very stiff in 
consistency. Later alluvial activity has covered the glacial 
deposits with soft clays, silts and peats in some low lying 
areas and along river flood plains. 

3.13  Italy 
The Mediterranean area is geologically young and very 
complex. Pleistocene marine transgression led to the 
deposition of fine marine sediments in shallow areas. The 
territory consists mainly of mountains and hills, while flat 
land areas cover less than 25 %. These land areas are 
located mainly along the Adriatic Sea, the most important 
being the Padana (Po) Valley. In the alluvial flat lands and 
hills, thick layers of medium grained and fine-grained 
deposits are encountered. 

3.14  Netherlands 
Geologically, the Netherlands is a delta area. 
Geotechnically, a distinction can be made between the 
western part (Holland) and the remaining areas. In Holland, 
extensive areas with up to 20 m thick Holocene clay and 

peat layers are present, overlying sands. These layers are 
soft and have low strength. In the centre, east and south of 
the Netherlands, structures can normally be founded 
directly on Pleistocene and Tertiary sand layers.  The Dutch 
sector of the North Sea includes major oil and gas fields. 
The soil conditions are dominated by Pleistocene sands and 
clays. The sands are typically very dense and the clays are 
very stiff. 

3.15  Norway 
Only 25% of the land area is covered by soil deposits. The 
major part is either bedrock or a very thin cover of moraine 
on bedrock. Areas covered by deep soil deposits are 
particularly concentrated to lowlands, in the bottom of 
valleys and along a narrow strip along parts of the coast 
line.  
 Following the most recent glaciation, about 10 000 
years ago, large rivers deposited the transported material 
into the sea. The sea level was significantly higher than at 
present. Below the marine boundary, glacio-fluvial deltas 
have been formed, mainly containing gravel and sand. 
Clays and silts were deposited in the sea and these soils 
dominate. The silty clays and clays have in some areas very 
low strength and high sensitivity.  

3.16  Poland 
The major part of Poland is composed of lowlands. The 
thickness of the Quarternary deposits can be as large as 300 
m. Geological processes related to glaciations made most of 
Polish soils overconsolidated. Only the deposits formed due 
to sedimentation processes after the last glaciation are 
normally consolidated. 

3.17  Romania 
With the exception of mountain areas, Quarternary deposits 
are of greatest importance. In terraces and alluvial deposits, 
normally and slightly overconsolidated clays, medium 
dense and dense sands and gravels are found. Special 
problems are caused by silt-type collapsible soils (loess), 
which occur mostly in the plains and plateau zones. 
Unconsolidated recent alluvial deposits exist in the lower 
course of rivers and along the Danube.  

3.18  Russia 
The Urals form the conventional geographic boundary 
between the European and Siberian parts of Russia. Russia's 
dominant relief features are (from west to east) the East 
European plain, the Urals, the West Siberian lowland, and 
the central Siberian plateau. In the south-east of the 
European part of Russia, deposits of the Quarternary period 
dominate. These are predominantly of glacial origin.  
 In the north-east, permafrost governs the geotechnical 
conditions. Principal soils of glacial origin are moraine clay 
and silty clay, fluvio-glacial sands and gravels; lake-glacial 
deposits (varved silty clays and silty sands). These soils 
have often low strength and stiffness. Besides the soils of 
glacial origin, eroded and residual soils as well as various 
alluvial deposits (laminated clay and sand) of great 
thickness occur. Quarternary soils can have variable 
strength and stiffness. 



3.19  Slovenia 
Geo-tectonically, Slovenia belongs mainly to the southern 
Alpine region and the Pannonian basin. Due to the complex 
geology, geotechnical conditions can be very variable and 
demanding. Soft soils have been deposited since the 
Pleistocene and are usually fine-grained, of variable 
plasticity and mostly normally consolidated. In some marsh 
areas, peat and organic soils can be found. The most 
significant areas are the Ljubljana marshlands and the 
hinterland of the Adriatic coast. The total thickness of the 
Pleistocene fluvial and marsh sediments can be up to 150 
m, while the very soft upper layers are typically less than 
20 m thick. The coastal region of Slovenia, as well as the 
north-western part of Croatian Istria is covered by very soft 
marine and fluvial clays.  

3.20  Spain 
The Quarternary period has determined the soil formation. 
Soft soils occur mainly in continental-marine transition 
areas, such as coastal plains near river estuaries, deltas and 
lagoons. Soft sediments are developed in the delta of the 
river Ebro. In mountain areas of Northern Spain and at 
higher elevations in mountainous areas of the south, peat 
bogs are occasionally found. 

3.21  Sweden 
The geotechnical conditions were strongly influenced by 
the last glaciation, which started to retreat from southern 
Sweden about 14 000 years ago. In connection with the 
retreat of the ice, Sweden was covered alternating by fresh 
and brackish water. The highest water level – the highest 
shoreline – was affected by the elastic rebound of the 
depressed crust of the Baltic shield. The soils are 
geologically young and belong mainly to the Quarternary 
period. The soils were formed by the movements and the 
melting of the last land ice and subsequent processes. The 
glacial soils are mainly tills (moraine) and glacial 
sediments. Till covers about 75% of the land area. The 
glacial sediments consist of sand, gravel and boulders in the 
form of eskers and deltas, and fine-grained sediments (clay 
and silt) deposited outside the edge of the ice. Post-glacial 
soils (silts and clays) are normally found overlying glacial 
clay. After the glacial period, organic material became 
mixed with the fine-grained material, forming gyttja and 
organic clay. Peat bogs were formed in many areas. 

3.22  Switzerland 
The most recent ice age formed most of the soils of 
geotechnical importance. In the central areas adjacent to the 
Alpine region, moraines consist mostly of overconsolidated 
and compact sandy and clayey silts with varying amounts 
of boulders and gravel. In rive areas, as well as near 
existing and former alpine lakes, the soil conditions can be 
very heterogeneous, including fluvio-glacial deposits of 
boulders and gravel, as well as normally consolidated soft 
deposits of alternating layers of peat, clays, silts and sands 
or gravels. Difficult geotechnical conditions are 
encountered in areas with normally consolidated soft post-
glacial lacustrine clays, silts and fine sands, which can 
exhibit high sensitivity. 

3.23  United Kingdom 
Natural deposits formed prior to the Pleistocene glaciation 
are generally referred to as rocks. The strength of these 
formations can vary such that some of them are classified 
as soils. These include many of the deposits in the south 
east of the United Kingdom, such as the London clay and 
the Gault clay. Most of the UK has been affected by 
glaciation which has resulted in extensive drift deposits of 
till (boulder clay), laminated clays and other glacial 
materials as far south as London. Periglacial and lacustrine 
deposits are also found in plains and valleys together with 
estuarine and coastal muds and silts. Peat and other organic 
soils are found throughout the upland region. Drift deposits 
in the upland region are predominantly firm and stiff to 
hard gravelly sandy clay containing boulders, lenses of sand 
and gravel. The more recent deposits comprise softer 
organic and alluvial clays and loose sands 
  
4 SOIL MIXING METHODS  

4.1  Introduction 
Due to the variable geotechnical conditions in Europe, 
different soil mixing methods have been developed in 
different countries. Deep soil mixing is presently most 
common in regions with deep deposits of soft, compressible 
clays or loose sands with low strength. However, deep 
mixing methods can be applied in a variety of soil 
conditions and are gaining increasing use in Central Europe 
as well. An important advantage of deep mixing is that the 
methods can be adapted to specific project requirements 
and site conditions. The following section gives an 
overview of soil mixing methods and their development in 
Europe. 

4.2  Classification of Soil Mixing Methods 
Deep mixing can be classified with regard to the method of 
mixing (wet/dry, rotary/jet-based, auger-based or blade 
based) or the type of binder being used (dry or wet).  
 In dry mixing, the binder is a powder, normally a 
mixture of cement and dehydrated (unslaked) lime. 
However, the binder can also consist of a mixture 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. In wet mixing the 
most common binder is cement, but different additives are 
also used. The binders are injected into the soil in dry or 
slurry form through hollow rotating mixing shafts tipped 
with various cutting tools. 
 Soil mixing methods can be subdivided into two 
general categories: deep mixing and shallow mixing. Both 
methods include a variety of proprietary systems. The 
European Standard on Deep Mixing, prEN 14679, covers 
mixing by rotating mechanical mixing tools, where the 
lateral support provided to the surrounding soil is not 
removed and where treatment is executed to a minimum 
depth of 3 m. Currently, deep mixing is limited to treatment 
depth of about 30 m  
 Shallow mixing was developed to improve soft and 
compressible soft, but also dredged sediments and waste 
deposits.  The treatment depth is limited to a few meters. 



Shallow mixing is also a suitable method for in situ 
remediation of contaminated soils and sludges. In such 
applications, the soils have to be thoroughly mixed in situ 
with an appropriate amount of wet or dry binders to ensure 
stabilisation of the entire volume of treated material.  

4.3  Historic Development of Deep Mixing 
In the following, a brief historical review of the 
development of soil mixing is given. Probably one of the 
earliest European innovations to improve and/or seal the 
native soil by means of mixing in situ with cementitious 
grout was submitted in Poland on 22.12.1966, and awarded 
a national patent No. 55511 on 12.06.1968, Fig. 5.  

 
Fig. 5.  Polish Patent No 55511 from 22.12.1966, 

describing a new method of soil 
improvement and sealing.    

 The grout was injected from the tip of a mechanical 
mixer consisting of a simple drilling head and separated 
horizontal blades. Unfortunately, there were no practical 
applications of this novel system at that time.  
 In Sweden, research and field trials using dehydrated 
(unslaked) lime started in the mid 1960s. Since 1975, lime 
and later lime-cement columns have been used for 
commercial ground improvement projects. A mixture of dry 
cement and lime binder is introduced pneumatically in the 
soil, using different types of rotary mixing tools, Fig. 6.  
 Wet mixing, using cement slurry as a binder, 
originated in Japan in the middle of the 1970’s and has 
thereafter been used in Europe. In Central Europe, the 
earliest wet deep mixing activities took place in Germany, 
France and Italy in the late 1970s and early 1980s. The 
development and initial trials of Bauer’s Mixed-in-Place 
(MIP) system started in 1977 (Stocker and Seidel, 2005), 
Fig. 7. The original idea was to install vertical walls in the 
ground for soil nailing works in order to avoid shotcrete 
cover. The MIP panels were constructed using four closely 
mounted continuous flight augers of ca 0.2 m diameter, 
arranged in a row. 

 
Fig. 6.  Mixing tool of Swedish dry mixing method. 

 The first commercial application of the MIP method 
utilising single shafted crane and wet binder took place in 
Nürnberg in 1987. MIP piles were executed to create panels 
of mixed soil filling-up a “Berliner Verbau”-type temporary 
retaining wall constructed in sands. Subsequently, a more 
advanced triple auger wet mixing system has been 
developed since the early 1990s. It is comprised of three 
closely spaced, non-interlocking, full length augers, 
arranged in a row and driven as a coupled pair and counter 
rotating single auger. This system has been in use since 
1994, primarily for construction of temporary and 
permanent panels supporting excavations, cut-off walls, 
ground improvement, and environmental purposes 
(Ausserlechner et al., 2003). 
 

 
Fig. 7.  The first application of Mixed-in-place (MIP) 

piles, (Stocker and Seidel, 2005). 



4.4  Dry Deep Mixing Method 
By the dry deep mixing, columns with a diameter of 0.5 to 
1.2 meter can be manufactured to a depth of normally 15 to 
25 meters. The mixing and monitoring process has been 
improved gradually and is today executed using electronic 
process control systems. The installation is carried out 
according to the following procedure, from left to right, 
Fig. 8. 

 
1) the mixing tool is correctly positioned; 2) the mixing shaft 
penetrates to the desired depth of treatment with simultaneous 
disaggregation 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. 
 
Fig. 8.  Sequence of installation by Dry Deep 

Mixing.  

 In Sweden, dry deep mixing, initially also known as 
the “lime column method” (because initially, lime only was 
used as binder), has been applied commercially since the 
mid 70-ies, mainly for the support of highway and railway 
embankments on soft, compressible clays. The first 
commercial project with lime-cement column method in 
Finland took place in 1988 and in Norway in 1990. Today, 
the method is referred to as the Nordic Dry Deep Mixing 
Method (Holm, 2003). The lime-cement column method is 
mainly used in soft clays but also in organic clays and 
clayey silts. In the Nordic countries, about 3 to 4 millions 
linear metres of lime-cement columns are installed 
annually, especially for infrastructure projects. A modern 
lime-cement column machine with mixing vessel for supply 
of cement and lime is shown in Fig. 9.  
 With an increasing number of proven applications, 
especially since 1989, this method had become the 
predominant method of ground improvement in the Nordic 
countries. The amount of binder required to stabilize the 
soil can vary considerably, depending on the soil conditions 
and the project requirements. The amount of binder ranges 
typically between 80 and 200 kg/m3 of stabilized soil. 
Normally, a mixture of 50 % lime and 50 % cement is used. 
The strength of the stabilized soil is typically 100 to 200 
kPa. The stabilization ratio (stabilized soil/unimproved soil) 
is generally 10 to 30 %, thus significantly lower than for 
instance in Japan, where the ratio if around 50 %. 

 
Fig. 9.  Deep dry mixing equipment, mixing tool and 

base machine with containers for supply of 
binder (cement and lime). 

   
 At present, dry mixing is used mainly in the Nordic 
countries (Finland, Norway and Sweden), but some projects 
have been also carried out by Swedish contractors in other 
countries, such as Poland (first in 1995) and the United 
Kingdom (first in 2001). Field trials were also conducted in 
the Netherlands and Germany. In Poland the major 
application so far of the dry method was for the new city 
carriageway in Szczecin, involving more than 555,000 lin. 
m of cement/lime columns. 

4.5  Dry Shallow Mixing 
Improvement of superficial soft soils by dry shallow mixing 
is known as “mass stabilisation”. It can be carried out with 
conventional lime-cement column equipment or by 
purpose-built machines. Laterally overlapping columns are 
created with upward and downward movements of one or 
several rotating mixing tools. This method is most cost-
effective when using large-diameter mixing augers or 
multiple shaft arrangements, as practiced for example in the 
USA.  

More recently, another method of mass stabilisation has 
been developed in Finland. The Finish Road Administration 
initiated in 1992 a research project with the objective to 
develop a suitable and economical method of peat 
stabilisation. The base machine is a conventional excavator, 



equipped with a mass stabilisation mixer. The binder is fed 
to the mixing head while the mixer rotates and 
simultaneously moves vertically and horizontally within the 
stabilised soil block, as shown in Fig. 10.  

     

 

 
1 Stabiliser tank + scales;  2 Execution machine; 3 Mixing tool;   
4 Mass stabilised peat, gyttja or clay;  5 Peat, gyttja, clay;  
6 Direction of mass stabilisation; 7 Geotextile (reinforcement);  
8 Preloading embankment. 
 
Fig. 10.  Two methods of mass stabilisation. 

The mixing tools can have different shapes, for instance 
mixing/cutting heads equipped with blades rotating about a 
vertical or a horizontal axis. The diameter of the mixing 
tool is normally 600 to 800 mm, and the rotation speed lies 
between 80 and 100 rpm. The mixing pattern of mass 
stabilisation is planned taking into account site specific 
conditions and capabilities of the mixing machine and the 
mixing tool. Usual practice is to stabilise in one sequence a 
block of soil within the operating range of the machine, 
typically corresponding to 8 to 10 m² in plan and 1.5 to 3 m 
in depth (e.g. 2 m wide ×5 m long ×3 m deep). 

The productivity rate is high, approximately 200-300 m³ 
of stabilised soil per shift. The amount of binder used in the 
Nordic countries is typically in the range of 150 to 250 
kg/m³, and the targeted shear strength in peat is 50 kPa 
(Jelisic and Leppänen, 2003). When the prescribed amount 
of binder is mixed into the soil, remoulding is continued in 
order to obtain a homogeneous soil-binder mixture. This 
method can be applied in soft clays and organic soils with 
shear strength below about 25 kPa. 
  In Finland and Sweden mass stabilisation is used 
extensively for infrastructure projects, which require the 
treatment of superficial layers of peat, mud or soft clay. The 

first commercial application of this method in Sweden was 
carried out in 1995 in connection with stabilization of an 
embankment for Highway 601, where about 10 000 m³ of 
peat were treated. 
 Interesting applications of this method using rapid 
cement as a binder include the stabilisation of dredged mud 
deposited between embankments to create new areas for a 
container terminal in Port Hamina, and a park at the 
shoreline of Helsinki, where the deposited mud was also 
contaminated (Andersson et al., 2001). In Finland, also 
other low cost binders are used more frequently than 
elsewhere as substitutes for lime and cement. These 
substitutes include blast furnace slag, ashes, gypsum and 
other secondary products. These compound binders are 
blended in a factory, or can be mixed on the worksite. 

4.6  Wet Deep Mixing  
Different methods have been developed by which cement 
slurry can be mixed with the soil in order to create rigid 
columns or wall elements. These behave similar to concrete 
piles or concrete walls and are designed accordingly. 
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. 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 flight augers 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. 
 The current Bauer MIP method uses three augers with 
diameters ranging from 400 to 750 mm, which can be 
inserted and retracted vertically. The augers can be rotated 
clock- or anti-clockwise individually; Fig. 11. The 
installation is computer-controlled and various parameters 
are recorded in order to document and verify the execution 
process. The MIP method can be used for a variety of 
applications, such as the construction of continuous 
concrete walls or deep foundation elements (Stocker & 
Seidl, 2005).  
 In France, Bachy Soletanche developed the COLMIX 
method in the mid 1980s, in cooperation with the French 
Railway Authority (SNCF) and the French National 
Laboratory for Roads and Bridges (LCPC). The method 
features now twin, triple or quadruple contra-rotating and 
interlocking augers, generally 3 to 4 m long and driven via 
hollow stem rods coupled to a single rotary drive. Blended 
soil moves from the bottom to the top of the hole during 



penetration, and reverses on withdrawal ensuring very 
efficient soil mixing and recompaction. Several road and 
rail embankment stabilisation projects have been completed 
with this method in France, UK and Italy. 
 

   
Fig. 11.  Installation process of the Bauer MIP 

method, (Stocker & Seidel, 2005). 

  In Italy, Trevi SpA developed in the late 1980s a dry 
mixing method named TREVIMIX. The equipment has 
more similarities with the Japanese DJM method than with 
the Nordic Method. In this system one or two (more 
common) shafts with mixing paddles of 1.0 m (or 0.8 m) in 
diameter are arranged at variable spacing of 1.5 to 3.5 m 
and are used to disintegrate soil structure during penetration 
with air. Augers are then counter-rotated during withdrawal 
and dry binders are injected via compressed air through 
nozzles on shaft below mixing blades. The distinction of 
this system lies in its ability to operate in dry or semi-dry 
conditions by adding a controlled amount of water to the 
soil in order to ensure a hydrating reaction. First 
applications in Italy have been reported by Paviani and 
Pagotto (1991). Another development is the TURBOJET 
wet mixing system, which combines soil mixing and single 
fluid jet grouting. The system uses a tubular kelly with 
drilling bits and two mixing blades. 
 A new development by Bauer, presented also at this 
conference, is the Cutter Soil Mixing (CSM) system, 
derived from the cutter diaphragm walling technique, Fig. 
12. The soil is broken down by cutter wheels rotating about 
a horizontal axis and mixed in situ with slurry by the 
rotating wheels (Fiorotto et al., 2005).   
 

 
Fig. 12.  Bauer CSM Cutter head (Fiorotto et al., 

2005). 

  
 Another high capacity specialised wet mixing system 
developed in Germany in 1994 is the FMI-method (Fräs-
Misch-Injektionsverfahren = cut-mix-injection). It uses a 
modified trench cutter, Fig. 13.  

 
Fig. 13.  Trenching machine for construction of walls 

by deep mixing. 

 The method was applied for the first time in 1996 in 
Giessen, Germany (Sarhan & Pampel, 1999). The FMI 
machine has a special cutting arm (trencher), along which 
cutting blades are rotated by two chain systems. The cutting 
arm can be inclined 80 degrees, and is dragged through the 
soil behind the power unit. Due to the special blade 
configuration, the soil is not excavated, but mixed with a 
binder, which is supplied in slurry form through injection 
pipes and outlets mounted along the cutting arm. The 



applications mainly covered are ground improvement 
works along railways and walls. 
 The Keller Group developed in Germany a system 
based on a single paddle shaft equipped with a short auger 
and mixing blades above the drill bit, Fig. 14.  

 
Fig. 14.  Standard deep mixing tool used by Keller.  

 Commercial ground improvement applications for this 
system have been ongoing since 1995, with complementary 
activities transferred in the last decade to Poland, Austria, 
Slovakia, Czech Republic, Italy, France, Croatia and Spain.  
 Currently the UK is leading Europe in the research and 
application of wet mixing for the containment and 
encapsulation of contaminated soils, including cut-off walls 
and reactive barriers (Al-Tabbaa and Evans, 2003). The 
StarNet project, which addresses different aspects of soil 
stabilization and solidification, is described in more detail 
below. 
 In Poland wet deep mixing was first introduced in 
1999 by Keller Polska, using single axis equipment 
originally developed in Germany. The first project involved 
execution of intersecting columns forming a cut-off wall 
along an old dam of the Vistula River in Kraków 
(Topolnicki, 2003). Since then, a considerable number of 
DM projects have been completed, focusing on ground 
improvement for foundation purposes. The first worldwide 
applications of the deep mixing method for the foundations 
of 39 bridges build across and along the new A2 Motorway 
took place in 2002/2003 (Topolnicki, 2004), Fig. 15. 
 

 
Fig. 15.  Foundation for A2 motorway bridge, near 

Katowice, (Topolnicki, 2004).  

 Several innovative methods are currently under 
development, which uses techniques reminding of deep 
mixing, called “hybrid methods”. These methods combine 
conventional piling, grouting, jet grouting and mechanical 
mixing.  
 
5 APPLICATION OF SOIL MIXING  

5.1  General 
Since their introduction, deep and shallow mixing methods 
have diversified, equipment performance has improved and 
processes become more complex. Electronic control and 
monitoring of the mixing process are today standard 
requirements. New binder combinations have been 
introduced. There is a clear trend towards an integration of 
different ground improvement methods, such as wet and 
dry mixing, jet grouting, trenching and cutting systems. As 
a result of significant research efforts and accumulation of 
well-documented, practical experience, deep mixing 
methods have become widely accepted in many countries. 
 As will be discussed below, the regulations by the EU 
impose restrictions on the use of construction material and 
the execution foundation works, which can to some extent 
influence or limit the use of deep mixing methods. The 
application of deep mixing methods is discussed in detail in 
the European norm for deep mixing, prEN 14679. In the 
following chapters, reference is made to the information 
given in the Annexes. 

5.2  Application Areas 
The use of in-situ soil mixing in Europe to improve the 
engineering and environmental properties of soft or 
contaminated ground is increasing rapidly, indicating 
growing interest and acceptance of this technology. The 
extent of applications across European countries differs 
considerably. Outside Scandinavia the total number of 
implemented projects is still small, and soil mixing is 
generally considered a highly specialised technology of 
ground improvement. However, the industrial, social and 
environmental developments in Europe offer major 
commercial opportunities for the deep mixing industry. 
Large development projects are taking place in densely 
populated metropolitan regions. Many major cities are 



located in coastal areas, where the tourism industry plays an 
important economical and social role. Land reclamation, 
which is important for the development of many coastal 
regions, is another important area where deep mixing can 
be applied.  
 For the expansion of the transportation infrastructure, 
cost-effective ground improvement methods are needed, as 
these projects often have to be executed in areas with 
difficult soil conditions. Examples are highways and 
railways in Alpine and coastal areas, land reclamation for 
air and sea ports in coastal zones, marine and harbour 
structures for ports and harbours etc. where difficult 
geotechnical conditions are common.  
 Due to the lack of land in urban and industrial zones, 
construction projects must often be carried out in areas with 
difficult geotechnical and environmental conditions. In such 
situations, where stringent regulations regarding noise and 
vibrations are enforced, deep mixing has many advantages 
compared to other methods. The industrial and social 
expansion, tourism and the rising standard of living, create 
new pressures on the environment. The storage of domestic 
and industrial waste is a major challenge in many 
industrialized regions. Underground contamination or 
hazardous materials that can affect the execution method, 
the work safety or the discharge of excavation material 
from the site can consist of old refuse deposits, industrial 
waste material, chemical waste products, etc. Mixing 
methods can offer environmentally effective solution to this 
growing problem. 
 Some regions of Europe are particularly vulnerable to 
natural and man-made hazards, such as flooding, landslides 
and earthquakes. Also in these areas, deep mixing methods 
have many potential applications.  

5.3  Installation Patterns 
Depending on the purpose of deep mixing, a number of 
different patterns of column installations are used see 
Figures 16 to 20. 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, Fig 16. 
Overlapping of the columns is particularly important when 
the columns are installed for containment purposes. The 
stabilization is normally executed to create a block, wall 
and grid pattern.  

 
1 Strip         2 Group  3 Triangular  4 Square 
 
Fig. 16.  Examples of treatment patterns in dry 

mixing. 

 Figure 17 shows the result of stabilized columns when 
executed in an overlapping pattern. 

 
Fig. 17.  Block type pattern in dry mixing with 

overlapping columns. 

  
 Preloading can be used as temporary surcharge in 
order to speed up consolidation and creep settlements 
during the construction period and to verify the 
performance of the improved soil. By monitoring the 
behaviour of the embankment (settlements and pore water 
pressure) it is possible to optimize the design and 
construction process.  
 An important aspect of this method is the flexibility in 
design, which can be adapted to the project-specific 
requirements and conditions. However, for an efficient and 
safe application of this concept, the active involvement of 
the geotechnical designer and engineer is an important 
prerequisite. A further and important advantage is the fact, 
that the method is environmentally friendly. For certain 
applications, such as prevention of liquefaction, dry mixing 
has also been used in loose granular soil. An example of the 
installation sequence in overlapping columns to create 
interlocking walls is given in Fig. 18 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.). 

 
1 Wall type         2 Grid type            3 Block type     4 Area type 
 
Fig. 18.  Examples of treatment patterns in wet 

mixing on land. 

In Figures 19 different column arrangements are shown, 
with the aim to create cellular elements. 

 

1 Block type    2 Wall type        3 Grid type         4 Column type 
5 Tangent column 6 Tangent wall  7 Tangent grid    8 Block 
Fig. 19.  Examples of treatment patterns in marine 

conditions. 



Figure 20 shows an example of interlocking elements and 
their installation sequence. 

  

Fig. 20.  Installation sequence of interlocking wall 
elements. 

5.4  Comparison of European and Japanese 
Mixing Techniques 

Japan is the leading country in the development and 
application of deep mixing methods and several European 
systems are based on concepts developed there. In the 
following tables 1 through 3, different aspects of the 
European dry and wet mixing methods are compared with 
the equivalent techniques as used in Japan. 
 
Table 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 

The upper 
pair of 
mixing 
blades 

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. 

 
Table 2. Major capacity and execution of European 

and Japanese wet mixing techniques. 

Equipment Details On land, 
Europe 

On land, 
Japan 

Mixing 
machine 

Number of 
mixing rods 

1–3 1–4 

 Diameter of 
mixing tool 

0,4 m to 0,9 
m 

1,0 m to 1,6 m 

 Maximum 
depth of 

25 m 48 m 

treatment 
 Position of 

binder outlet 
Rod Rod and blade 

 Injection 
pressure 

500 kPa to 1 
000 kPa 

300 kPa to 
600 kPa 

Batching 
plant 

Amount of 
slurry 
storage 

3 m3 to 6 
m3 

3 m3 

 Supplying 
capacity 

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

0,25 m3/min 
to 1 m3/min 

Binder 
storage tank 

Maximum 
capacity 

 30 t 

 
Table 3. 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 

 

5.5  Design Aspects 
In Europe, the general principles and concepts of 
geotechnical design, are covered by Eurocode 7 ENV 
1997–1 1993, Part 1: Geotechnical design, general rules; 
Part 2: Geotechnical design, ground investigation and 
testing. Design aspects related to the execution of deep 
mixing work are covered by prEN 14679 “Execution of 
special geotechnical works — Deep mixing”. This standard 
expands on design only where necessary, but provides full 
coverage of the construction and supervision requirements. 
These aspects refer to the installation method, the choice of 
binder, laboratory and field testing and their influence on 
the design of the column layout and performance. 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. 

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. 

5.6  Design Principles 
Design considerations are discussed in detail in Annex B of 
prEN 14679. 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. 
 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 21 outlines the iterative 
process combining functional design and process design. 

Stability 
Often the purpose of soil treatment 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. 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. 

 
Fig. 21.  Iterative design process, including laboratory 

testing, functional design, field trials and 
process design according to prEN 14679. 

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. 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.  

Overlapping 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. 

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 % to 15 % of the unconfined compressive 
strength (it can be lower or higher depending upon the 
quality and efficiency of deep mixing). 

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. 

Overturning of a Row 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. 

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

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. 
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. 

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. 

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. 

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.  

5.7  Areas of Application 
Soil mixing is being used increasingly in Europe. However, 
the areas of application vary for different reasons, such as 
geotechnical conditions (soil type and soil strength), design 
considerations (stability, settlements, containment etc.), 
cost of competing foundation methods, availability of 
equipment and material, past experience and know-how etc.
 Examples of the application of deep mixing for 
different purposes are illustrated in Fig. 22. Also given are 
the main design considerations for the respective 
application. 
 In Europe, several industrial, research, standardization 
and regulating organisations have an effect on the deep 
mixing industry. Ground improvement and in particular 
deep and shallow mixing methods can be used efficiently in 
order to improve the environmental conditions and safety in 
many European countries. However, their potential has not 
yet been realized by governmental authorities. In the 
following, a brief summary of their objectives and activities 
of authorities and regulating agencies is given. 

5.8  European Committee for Standardisation 
The mission of the European Committee on Standardization 
(CEN, www.cenorm.be) is to promote voluntary technical 
harmonization in Europe in conjunction with worldwide 
bodies and its European partners. Standards come from the 
voluntary work of participants representing all interests 
concerned: industry, authorities and civil society, 
contributing mainly through their national standards bodies. 
Draft standards are made public for consultation at large. 
The final, formal vote is binding for all members.  
 

 
(1) Road Embankment: stability/settlement 
(2) High embankment: stability 
(3) Bridge Abutment: uneven settlement 
(4) Cut Slope: stability 
(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 
 
Fig. 22.  Application of deep mixing methods and 

geotechnical design requirements. After 
Terashi, (1997).  

 The European Standards must be transposed into 
national standards and conflicting standards withdrawn. 
The Technical Committee on the Execution of Special 
Geotechnical Works (TC 288) of CEN prepares standards 
for different foundation methods. The standards are 
elaborated in cooperation with the European Federation of 
Foundation Contractors (EFFC) and address the execution 
procedures for geotechnical works (including testing and 
control methods) and the required material properties. 
Working Group 10 has been charged with the subject area 
of deep soil mixing, including wet and dry methods. The 
Technical Code for Deep Mixing (prEN 14679) has been 
prepared and accepted, following the national inquiries.  

5.9  European Federation of Foundation 
Contractors 

The European Federation of Foundation Contractors 
(EFFC, www.effc.org) represents about 450 foundation 
contractors in 17 European countries. Member companies 
are specialist contractors in the construction industry who 
undertake the construction of all types of foundations and 
other geotechnical processes (i.e. piling, diaphragm 
walling, grouting, ground anchors, ground improvement, 
dewatering, etc). EFFC's objectives are to promote the 
common interests of members of the federation; to improve 
standards of workmanship; and to maintain high standards 
of technical competence, safety and innovation throughout 
the European foundation sector. 
 EFFC's main activities are performed within Working 
Groups. The Technical Working Group prepares EU 
technical codes for specialist geotechnical and foundation 
in cooperation with the CEN Technical Committee TC288.  



5.10  European Spatial Planning Observatory 
Network 

Natural and technical hazards are of various types - 
earthquakes, flooding, drought, forest fires, volcanic 
eruptions and winter storms as well as risks relating to 
nuclear power plants, large dams and oil spills. In order to 
contain the impact of these hazards on people and property, 
the European Spatial Planning Observatory Network 
(ESPON, www.espon.lu) was established. Since 2002, 
ESPON performs studies and research covering the territory 
of 29 European countries, the 25 current EU member states, 
2 candidate countries (Bulgaria and Romania) and 2 non-
member states (Norway and Switzerland). The ESPON 
project focuses on the typologisation of risks and hazards as 
well as the risk profile of regions (hazard potential and 
vulnerability). Based on the experiences made with the 
vulnerability and risk maps, as well as in the case study 
areas, recommendations for spatial planning towards risk 
reduction are elaborated.   
 The results of the ESPON project will have a 
fundamental impact on the future development of Europe. 
Geo-related hazards affect many European countries and 
the associated risks have a significant effect on the 
development of the various regions. In the following, the 
following natural hazards will be briefly discussed: 
flooding, landslides and earthquakes. 

5.11  Swedish Deep Stabilization Research Centre 
The Swedish Deep Stabilization Research Centre (SD, 
www.swedgeo.se/Sd) was founded in 1995 with the aim to 
initiate and implement comprehensive R&D activities 
related to dry mixing methods and their practical 
applications. The objectives and activities were formulated 
as an industry-wide effort, including government and 
municipal authorities, material suppliers, contractors, 
consultants, the Swedish Geotechnical Institute (SGI) and 
universities. During the progress of the project, the scope 
was adapted to also include mass stabilization. The main 
objectives of SD were to: 
• establish functional requirements for deep mixing 
regarding safety and maintenance,  

• provide a platform for increased application areas of the 
method,  

• create export opportunities for the industry, by 
introduction of system concepts for reinforced ground,  

• introduce innovative application method aiming at 
increased competitiveness, overall economy and potential 
cost savings,  

• reduce construction time and avoiding restrictions during 
the construction phase,  

• assure a high competence level by contacts between 
project owners, contractors, material suppliers, consultants 
and researchers.  

 The activities of SD ended in 2001 and resulted in a 
large number of publications. SD produced 12 reports, 

several of them in English. These will be presented in more 
detail below. 

5.12  Stabilisation/Solidification Treatment and 
Remediation Network 

The UK government (EPSRC) funded Engineering 
Network on Stabilisation/Solidification Treatment and 
Remediation (StarNet), has been established and includes 
leading UK scientists and engineers, organisations and 
regulators involved with S/S technologies. The key 
scientific and technical issues for S/S technologies 
addressed by the Network comprise:  

(a) binder selection,  

(b) technology selection,  

(c) testing and performance level,  

(d) long-term performance and environmental impact,  

(e) quality assurance and quality control issues and  

(f) good practice guidance documents.  

 The project has organized workshops and recently the 
International Conference on Stabilisation /Solidification 
Treatment and Remediation. 

5.13  Geo-Environmental Regulations 
Geo-related problems are becoming increasingly important 
especially in urban areas and their surroundings. 
Urbanisation requires the performance of geotechnical 
work often in densely populated and congested areas. In 
northern Europe, urbanisation and infrastructure 
development are the main causes of soil degradation, 
whereas erosion is the most important factor in the 
Mediterranean region.  
 The use of land for infrastructure development can be 
considered as irreversible in a moderate time scale, since it 
makes soil unavailable for several generations. The amount 
of soil loss due to urbanization and infrastructure 
development is high in Belgium, Germany and the 
Netherlands and low, but increasing in Greece, Portugal 
and Spain. In the Mediterranean countries urbanisation is 
associated with the tourism industry. Cities in southern 
Europe are more vulnerable and at greater risk for geo-
related problems compared to the cities in northern Europe. 
Many cities are situated along the coastline, rivers or on 
soft sediments where the ground normally consists of soft 
soil as clays or loose sand, such conditions are of 
importance. Reworking and removal of the soil surface can 
contribute to loss of biological diversity, harm to the 
ecosystem as well as land degradation and erosion. Several 
EU Directives have an impact on the geo-environmental 
situation and affect the foundation industry and in particular 
soil mixing applications. They regulate how soils, fill and 
waste material and water (surface and ground water) are 
handled. Environmental matters related to geotechnical 
works are handled by different authorities and also by the 
geotechnical community itself. The geotechnical 
community must take a leading role so that a constructive 
development can be assured. 



European Environment Agency 
The European Environment Agency (EAA) is the leading 
public body in Europe dedicated to providing sound, 
independent information on the environment to policy-
makers and the public. An EU body, the Agency is open to 
all nations that share its objectives. It currently has 31 
member countries. The EU Framework on Waste includes 
an obligation to promote self-sufficiency on a national level 
by waste minimisation, recycling and reclamation and the 
use of waste as an energy source. In northern Europe, 
urbanisation and infrastructure development are the main 
causes of soil degradation, whereas erosion is the most 
important factor in the Mediterranean region. The use of 
land for infrastructure development can be considered as 
irreversible in a moderate time scale, since it makes soil 
unavailable for several generations. The amount of soil loss 
due to urbanization and infrastructure development is high 
in Belgium, Germany and the Netherlands and low, but 
increasing in Greece, Portugal and Spain. In the 
Mediterranean countries urbanisation is associated with the 
tourism industry. Cities in southern Europe are more 
vulnerable and at greater risk for geo-related problems 
compared to the cities in northern Europe. Many cities are 
situated along the coastline, rivers or on soft sediments 
where the ground normally consists of soft soil as clays or 
loose sand, such conditions are of importance. Reworking 
and removal of the soil surface can contribute to loss of 
biological diversity, harm to the ecosystem as well as land 
degradation and erosion.  

European Water Framework Directive  
The European Water Framework Directive (WFD) 
highlights the need for a comprehensive approach for 
management of our surface- and groundwater resources to 
achieve the overall goal of “good status” in all waters. 
Future geotechnical works will in many respects be 
governed by the WFD. One of the objectives of the WFD is 
to provide a framework for integrated management of 
groundwater and surface water for the first time at 
European level. A general requirement "good ecological 
status" and "good chemical status" was introduced to cover 
all surface waters. The presumption is that groundwater 
should not be polluted at all. Measures should be taken to 
ensure the protection of groundwater from all 
contamination, according to the principle of minimum 
anthropogenic impact.    

Landfill Directive  
The objective of the Landfill Directive - Council Directive 
99/31/EC - is to prevent or reduce as far as possible 
negative effects on the environment from the land filling of 
waste, by introducing stringent technical requirements for 
waste and landfills. The Directive is intended to prevent or 
reduce the adverse effects of the landfill of waste on the 
environment, in particular on surface water, groundwater, 
soil, air and human health. It defines the different categories 
of waste (municipal waste, hazardous waste, non-hazardous 
waste and inert waste) and applies to all landfills, defined as 
waste disposal sites for the deposit of waste onto or into 
land. 

6 GEO-HAZARDS 
Geo-hazards, which directly affect the deep mixing 
industry, are flooding, landslides and earthquakes. Within 
the ESPON project, geo-hazards have been studied in the 
EU countries. A brief summary of the preliminary findings 
are given below. 

6.1  Flood hazards 
Floods are defined as high-water stages where water 
overflows its natural or artificial banks onto normally dry 
land, such as a river inundating its floodplain. Floods occur 
at more or less regular intervals along rivers but also further 
away from them. Storm surge can have a devastating 
impact on coastal regions and the hazard is affected by 
several factors, such as the local coastal geometry and the 
rise in water caused by the wind. This is particularly the 
case in gulf-shaped, shallow marginal seas, the estuaries of 
rivers and elongated lakes. The area most exposed to storm 
surge is the North Sea coast and specific areas of the Baltic 
Sea, Fig. 23.  

 

Fig. 23.  Flood hazard recurrence in Europe, based 
on average number of large flood events 
during 1987 – 2002. ESPON (2004).  

 Wave action similar to a storm surge can also be 
caused by earthquakes occurring off-shore (tsunami), by 
volcanic action or by large land slides. Beside storm surges 
the two main types of flood are river flood and flash flood. 
The most important part of flood hazard identification is 
flood prone area delineation. Flood-prone areas are those 
subjected to inundation as a result of flooding at regular 
frequencies. The flood hazard intensity has been classified 
on the basis of average values using the time interval 1987 
– 2002 (flash-floods excluded). The classification points 
out the frequency of large flooding events in Europe, 
meanwhile the magnitude of single flood events is not taken 
into consideration. The highest amount of large flood 
events during this period is concentrated in north-western 



Romania, South-Eastern France, Central and Southern 
Germany and in the east of England.  

6.2  Landslides 
In several regions in Europe, especially along rivers and in 
mountainous areas, the topography and the geological 
structure is of such a character that the risks of natural 
catastrophes, e.g. landslides and avalanches, are evident 
when certain conditions are fulfilled. Hydrological, 
hydrogeological, geological and geotechnical factors 
influence the probability of the occurrence of such 
catastrophes, as do the interference with the natural 
environment by human actions, such as tourism and land-
use. 
 Landslides are the most widespread and undervalued 
natural hazard as even small slides can cause considerable 
economic loss. The term landslide includes a wide range of 
ground movements such as rock falls, deep failure of 
slopes, and shallow debris flows. Although gravity acting 
on a slope is the primary reason for a landslide, there are 
other contributing factors such as: erosion by rivers, ocean 
waves or glaciers, rock and soil slopes are weakened 
through saturation by snowmelt or heavy rains, earthquakes 
create stresses that make weak slopes fail or excess weight 
from fills, stockpiling of material or man-made structures.  
 The most important factors for landslides are 
hydrogeological, geological, geotechnical as well as 
vegetation. Different types of geology, morphology, 
climate, land use make it difficult to develop maps on an 
over-regional scale. Nevertheless, in order to obtain a major 
overview of the situation in Europe, an attempt is made by 
ESPON to develop a map based on slope steepness. Based 
on this information it was possible to give a first overview 
on the areas in Europe that experience landslides due to 
topographical reasons. However, such an assessment does 
not include areas with soft soils and low shear strength, 
where landslides can occur at moderate to low slope 
inclinations. Such areas are found in the vicinity of river 
shores and the coast line of lakes and the sea. Therefore, it 
is difficult to present large-scale maps regarding landslides, 
as these can be found only be detailed studies of the local 
geological and hydrogeological conditions. An assessment 
of landslide hazards requires in such areas local and 
regional experience. In order to coordinate European efforts 
regarding risk assessment associated with land slides and 
snow avalanches, a Concerted Action on Forecasting, 
Prevention and Reduction of Landslide and Avalanche 
Risks (CALAR) was implemented. The aim of the 
Concerted Action was to increase the knowledge of risk 
assessment as well as monitoring and warning systems for 
landslides and avalanches by dissemination of RTD results 
and technology transfer. The focus of the project was on 
forecasting, prevention and reduction of risks. The main 
results of CALAR were the compilation and dissemination 
of existing knowledge and methods of Risk Assessment and 
Warning Systems related to landslide and avalanche 
problems. A further objective of CALAR was to create 
links between different scientific disciplines, end-users and 
administrators concerned with landslide and avalanche 

problems. A conference, Living with Natural Hazards, was 
held in 2000 in Vienna, where representatives of 
governmental organizations, researchers, insurance industry 
and administrators discussed future cooperation and 
coordination of mitigation methods. The outcome of the 
CALAR project was compiled in a Final Report.  
 In the Nordic countries, due to the particular 
geotechnical and hydro-geological conditions, with soft 
clay deposits of low shear strength and sensitivity to 
strength loss, land slides are a major problem. A report on 
landslide problems in the Nordic regions was included in 
the CALAR project (Massarsch, 1999). 

6.3  Earthquakes  
Of all natural phenomena, capable of inflicting disaster 
upon society, they are responsible for fewer deaths and 
smaller economic losses than for example storms and 
floods. However, since the degree of damage can be high 
over large areas, earthquakes have a large loss potential. 
The damage caused by earthquakes depends not only on the 
earthquake characteristics but also on the conditions of the 
affected area (structures and their foundations, slopes and 
excavations, embankments etc.). 
 In the ESPON study, peak ground accelerations from 
the Global Seismic Hazard Assessment Project (GSHAP) 
were used to produce an earthquake hazard map covering 
the whole of Europe, Fig 24. The goal of the GSHAP 
project is to produce a homogeneous seismic hazard map 
for horizontal peak ground acceleration representative for 
stiff site conditions for the probability level of an 
occurrence or exceedance of 10% within 50 years. The 
peak acceleration is the maximum acceleration experienced 
by a particle during the course of the earthquake motion.  
 

 
Fig. 24.  Earthquake hazard in Europe, based on the 

average value of peak ground 
acceleration/acceleration of gravity (%). 
ESPON (2004). 



As can be concluded from Fig. 4, the earthquake hazard is 
concentrated in South-Eastern areas of Europe, e.g. Greece, 
Italy, Romania. Earthquake-prone regions such as Iceland 
and the Balkan countries are not included in the study. 
 
7 CONFERENCES AND R&D ACTIVITIES 
A number of regional and international conferences and 
workshops have taken place during the past decade. These 
were organized by professional or learned societies (e.g. 
ISSMGE), by national organizations (e.g. Deep 
Stabilization Institute, SD), or as part of European research 
or standardization activities (e.g. CEN/TC 288 Working 
Group 10). 

7.1  European Geotechnical Conferences 
Two European conferences on Soil Mechanics and 
Geotechnical Engineering were held in Amsterdam (1999) 
and Prague (2003). The main theme of the Amsterdam 
conference was “Geotechnical Engineering for 
transportation infrastructure”. Over 25 papers addressed 
deep mixing applications related to the construction of 
highways, railways, tunnelling and port construction 
projects. The theme of the Prague conference was 
“Geotechnical problems with man-made and man-
influenced ground”. Surprisingly, only few papers were 
related to deep mixing and ground improvement problems. 

Nordic Geotechnical Conferences 
An International Conference on Dry Mixing Methods for 
Deep Soil Stabilization was held in Stockholm in 1999. The 
scope of the conference included the following themes: 
Application of dry mix methods for deep soil stabilization, 
Properties of binders and stabilized soils, Design methods 
and behaviour of stabilized soils, Case records, prediction 
and performance, Quality control of dry mix methods, 
Equipment for dry mix methods for deep soil stabilization.  
 Two Nordic Geotechnical Meetings were held in 
Helsinki (2000) and in Sweden (2004). Several papers 
addressed the application of mainly dry mixing methods in 
the Nordic countries.  
 An international conference on ground improvement 
(grouting, soil improvement and geosystems including 
reinforcement), 4th GIGS, was held in Helsinki in June 
2000. The proceedings contain several interesting papers on 
deep and shallow soil mixing.  

Other Conferences and Workshops  
A workshop on deep mixing, organized by Working Group 
10 of CEN/TC 288, was held in London in 2000 and 
followed by the Tokyo Workshop 2002 on Deep Mixing. 
The Tokyo Workshop was documented in proceedings, 
which describe the application of dry and wet mixing 
methods in Japan, Europe and North America. 
 In 2005, a UK-funded Engineering Network on 
Stabilisation/Solidification Treatment and Remediation, has 
held an International conference on stabilisation-
solidification treatment and remediation. This conference 
addressed mainly environmental aspects of soil 
stabilisation, containment and encapsulation. 
 

7.2  Research Efforts 

EuroSoilStab Project 
On the European level, the EuroSoilStab research project 
(1997-2001), which was carried out by 17 partners and 
which was funded by the EU, addressed “Development and 
design of construction methods to stabilize soft organic 
soils”. The objective of the project was to develop and 
prove novel competitive design and construction 
techniques, backed by guidance documents, to stabilise soft 
organic soils for the construction of rail, road and other 
infrastructure, thereby enabling economic construction on 
land that was previously considered unsuitable. The project 
involved laboratory studies and field trials and aimed to 
cover the development of binders, laboratory testing of 
binders and soils, full-scale testing using both dry and wet 
mixing, measurement and back analysis of the full-scale 
behaviour and the completion of a design guide to EC7. 
The findings of the project, which included several field 
tests, are documented in the Final Report – Design Guide 
Soft Soil Stabilization, Holm (2003).  

Swedish Deep Stabilization Research Centre 
The most comprehensive R&D effort in the area of dry 
mixing in Europe during the past decade was initiated and 
financed by the Swedish Deep Stabilization Research 
Centre (SD). The activities of SD ended in 2001 and 
resulted in a large number of publications. SD produced 12 
reports, several of them in English. The reports can be 
downloaded from the SD web site. Below follows a brief 
summary of the main reports.  
 Report 1 – “Compilation of experience of lime-cement 
columns”, (Edstam, 1997). Experience from lime-cement 
column projects was compiled and analysed. The 
information comprises over five million metres of lime-
cement columns installed throughout Sweden, mainly 
during the period 1985-1995. Extensive information was 
also acquired from test sites with well-documented 
measuring sections, including details of the properties of 
the natural clay, the properties of the columns, expected and 
observed behaviour.  
 Report 2 – “Preliminary investigations of the influence 
of the type of quicklime on stabilisation results”, (Åhnberg 
& Pihl, 1997). The investigations were performed in the 
laboratory and comprised tests on eight types of lime in two 
different clays. The pilot study shows that the type of lime 
used can be of major importance for the stabilisation result 
even when the differences in properties such as degree of 
calcination, grain size, CaO content, etc. are relatively 
small. 
 Report 3 – “Stabilisation of organic soil with cement- 
and puzzolanic reactions – Preliminary study”, (Axelsson et 
al, 2000; in Swedish). The report points out the possibility 
of stabilising mud and peat by determining the shear 
strength of samples stabilized in the laboratory. Samples of 
stabilized soil were produced in the laboratory and the 
strength of the samples was determined with unconfined 
compression tests. Different binders were used, consisting 
of cement (four different types), lime and residual material 
from industry. 



 Report 4 – “Test embankment on gyttja and sulphide 
clay reinforced with lime/cement columns in Norrala”, 
(Larsson, 1999; in Swedish). In early 1996, an instrumented 
test embankment was built on very soft organic soil and 
sulphide clay reinforced with lime/cement columns. The 
test embankment was constructed in the Norrala Valley, at 
a location where a planned combined railway and road 
embankment was to cross the valley. This embankment 
constituted part of the "Hälsingekusten" project involving 
the construction of both a new highway and a new railway 
along part of the Gulf of Bothnia. Previous experience of 
deep stabilisation of organic soil and sulphide clay was very 
limited. The purpose of the test embankment was therefore 
to determine whether a sufficient reinforcement of these 
types of soil could be achieved to safely carry the relatively 
high embankment across the valley. 
 Report 5 – “Mass Stabilization”, (Jelisic, 1999; in 
Swedish). The purpose of this licentiate thesis was to 
investigate suitable methods for the determination of 
strength and deformation properties of mass-stabilized soft 
soils. The report comprises also a study of performed 
projects in Sweden and Finland. A test embankment on 
mass-stabilized peat is presented and measured properties 
of the stabilised peat as well as settlements, pore pressure 
and temperature are presented and discussed. 
 Report 6 – “Mixing mechanisms and mixing processes 
used in lime/cement columns”, (Larsson; 2000; in 
Swedish). The purpose of this licentiate thesis was to form 
a basis for development of the mixing process by increasing 
knowledge of fundamental theories and mechanisms when 
mixing binders and soft soils. 
 Report 7 – “Deformation behaviour of lime/cement 
column stabilized clay”, (Baker, 2000). This study was 
aimed at developing a settlement design method that takes 
account of the effect of stiffness difference between the 
column and the surrounding soil on the rate of 
consolidation. The properties of lime/cement treated soil 
are presented based on laboratory and field tests. Three 
mathematical models are presented, two of which are 
numerical and one is an analytical elastic model. The 
analytical model is used to increase the understanding of 
long-term total settlement as well as the stresses caused by 
an applied load. In the first numerical, the finite element 
method has been applied using a three-dimensional model 
to study the stress distribution behaviour. The second 
numerical model is a finite difference model used to 
calculate the consolidation settlement of lime/cement 
column stabilized soil. 
 Report 8 – “Deep stabilization with lime cement 
columns. Methods for quality control in the field”, 
(Axelsson, 2001; in Swedish). The main object of this 
licentiate thesis is to develop and test methods for checking 
the quality of the finished columns in situ, but also to give a 
summary of present methods in Sweden and in the rest of 
the world. Methods for checking the quality of lime cement 
columns have gradually been developed from ordinary 
geotechnical sounding methods to more specific methods. 
The main part of the thesis is focused on the experiences 
obtained from field- and laboratory studies. Some 

recommendations are given on performance of sounding 
tests and further development of the equipment. 
 Report 9 – “The function of different binding agents in 
deep stabilization”, (Janz & Johansson, 2001). This report 
deals with deep mixing of soft soils. Chemical reactions 
occurring when using different binders as cement, quick 
lime, granulated blast furnace slag and fly ash are 
discussed. The function of binders in different soft soils, 
clay, silt, gyttja and peat is presented. In the report is also 
discussed the effect on the properties of the stabilised soil 
of the water content of the soil, the fineness of the binder 
and the prevailing temperature during curing. 
 Report 10 – “Mitigation of Track and Ground 
Vibrations by High Speed Train at Ledsgård, Sweden”; 
(Holm et al., 2002). Excessive vibrations were observed at 
a section (Ledsgård) of the West Coast Line between 
Gothenburg and Kungsbacka in Sweden when the traffic 
with high speed trains started. Banverket (the Swedish 
National Rail Administration) initiated a research and 
development project and comprehensive measurements and 
analyses were performed. The dry deep mixing method was 
chosen to reduce the vibrations. In this report the design, 
execution and measurements of vibrations before and after 
the deep mixing are presented. 
 Report 11 – “Environmental Effects for ground 
stabilization”, (Rydberg & Andersson, 2003; in Swedish). 
In this report the life cycle analysis is used to investigate 
and declare methods and materials for deep soil mixing 
with lime-cement columns, mass stabilisation and surface 
stabilisation. The influence on the environment can be 
quantified and assessed when selecting technical solution. 
 Report 12 – “Mixing Processes for Ground 
Improvement by Deep Mixing”, (Larsson, 2003). In this 
doctoral thesis the basic mechanisms in mixing binding 
agents into soil and the factors that influence the uniformity 
of the stabilised soil are studied. Advanced statistical 
methods have been used to analyse the results of two field 
tests regarding the influence of several factors. The concept 
of sufficient mixture quality is discussed. 
 
8 STANDARDISATION WORK IN EUROPE 

8.1  Standard on Deep Mixing 
A Technical Code for Deep Mixing - prEN 14679 -
"Execution of special geotechnical works” was prepared by 
CEN/TC 288 Working Group 10. The working group - 
comprising delegates from 9 European countries -  
commenced work in February 2000. Also experts from 
Japan took part in the meetings of the working group and 
contributed to the formulation of the final draft. The 
document has passed the CEN Enquiry and has been 
subject to formal voting. The document is intended to stand 
alongside Eurocode 7, ENV 1997–1 1993, Part 1: 
Geotechnical design, general rules; Part 2: Geotechnical 
design, ground investigation and testing.  
 The standard addresses execution aspect and expands 
on design only where necessary, but provides full coverage 
of the construction and supervision requirements. It 
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 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;  

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

 e) other ground improvement methods using similar 
techniques exist.  

 Guidance on practical aspects of deep mixing, such as 
execution procedures and equipment, is given in Annex A 
of the standard. Methods of testing, specification and 
assessment of design parameters, which are affected by 
execution, are presented in Annex B. A brief description of 
the standard and its objectives is given in a paper to this 
conference (Hansbo & Massarsch, 2005). 

8.2  Eurocode - Geotechnical Design 
Eurocode EN 1997 shall be applied to the geotechnical 
aspects of the design of buildings and civil engineering 
works. It is concerned with the requirements for strength, 
stability, serviceability and durability of structures. It 
covers the following topics: Basis of geotechnical design; 
Geotechnical data; Supervision of construction, monitoring 
and maintenance; Fill, dewatering, ground improvement 
and reinforcement; Spread foundations; Pile foundations; 
Anchorages; Retaining structures. 
 
9 EXAMPLES OF DEEP MIXING APPLICATIONS  
In this section, typical applications of deep mixing in 
Europe are described. These comprise: 

�  Foundation support 
�  Retention systems 
�  Ground treatment 
�  Hydraulic cut-off walls 
�  Environmental remediation. 

9.1  Foundation Support 
In many applications, the purpose of dry deep mixing is the 
reduction of settlement and the increase of bearing capacity 
of weak foundation soil, as well as the prevention of sliding 
failure. On-land applications usually comprise road and 
railway embankments, buildings, industrial halls, tanks, 
bridge abutments, retaining walls and underground 
facilities. Waterfront applications can include quay walls 
and revetments. 
 The installation patterns typically employ single or 
combined columns with variable spacing for settlement 
reduction applications, while combined walls, lattices and 
blocks are used when dealing with high loads and/or 

horizontal forces. An increasing tendency to apply 
economical low values of the area improvement ratio can 
be observed in recent times, depending on the adopted deep 
mixing method and the achievable column strength. Design 
of such patterns requires rigorous analysis of the interaction 
between treated and untreated soil.  
 The strength of deep mixing elements may differ 
significantly within the range determined by low-capacity 
lime/cement columns, with a shear strength of about 0.15 
MPa, and high-capacity structural elements having 
unconfined compressive strength in the order of 5 MPa, 
which perform similar to piles or caissons. The external 
loads are usually transferred down to the bearing layer 
resulting in a fixed type improvement, but can be also 
partly or wholly transferred to the foundation soil when a 
more interactive or even a floating type of improvement is 
desired. The choice of the required strength and of the load 
transfer system is dictated by the purpose of the deep 
mixing application, and reflects the mechanical capabilities 
and characteristics of the particular method used. 
 When deep soil mixing is applied to support shallow 
embankments or foundation slabs to reduce differential 
settlement, the individual column quality is less important, 
and the overall performance depends mainly on the soil to 
column interaction. Such a design concept of soil/structure 
interaction is applied by the Nordic Method and is often 
combined with preloading to accelerate settlement. This 
concept has proved to be efficient and cost-effective. On 
the other hand, when deep mixing is performed to support 
high embankments or heavily loaded foundations, and 
where horizontal loads or shear forces are significant, the 
quality of load-bearing columns is essential to prevent 
progressive failure mechanisms. The same applies for low 
values of the ratio of area improvement.  
 In bridge construction the deep mixing columns can be 
used to act as the pier foundation for the abutment, or to 
prevent lateral thrust and sliding by reducing the earth 
pressure behind the abutment. They can also reduce 
settlement of the bridge approach zone. In the case of 
buildings, deep mixing is an alternative solution to 
conventional deep foundation methods, particularly in 
seismic-prone areas. Since columns can be closely spaced, 
the foundation dimensions in plan remain relatively small, 
which contributes to the overall cost-effectiveness of this 
foundation solution. 

9.2  Retention Systems 
Retention systems comprise applications associated with 
restraining the earth pressure mobilised during deep 
excavations and vertical cuts in soft ground, with protection 
of structures surrounding excavations, measures against 
base heave, and prevention of landslides and slope failure. 
In these applications, wall- and grid-type column patterns 
are mainly used, while the soil-binder mix is typically 
designed to achieve high strength and stiffness. To 
overcome soil and water lateral pressures the columns 
should have adequate internal shear resistance. Other key 
requirements for successful construction are a high degree 
of column homogeneity and maintaining verticality 



tolerance to achieve the minimum required designed 
thickness of columns effectively in continuous contact. It is 
also important that early strength gain is sufficiently 
retarded to prevent problems when constructing secondary 
intercut columns.       
 Steel pipes or H-beams can be installed in columns 
executed with the wet mixing method to increase the 
bending resistance and create a structural wall for 
excavation support. Elongated mixing time and/or full 
restroking are usually applied to ensure easier installation 
of soldier elements immediately after mixing. Panels of 
mixed soil between H-beam reinforcement are designed to 
work in arching, as in a “Berliner Verbau”-type wall (e.g. 
Ausserlechner et al., 2003). Concrete facing, tieback 
anchors or stage struts are typically used in combination 
with walls constructed by deep mixing. Drainage media 
may be required behind the wall to prevent build-up of 
excess hydrostatic pressures. Deep circular shafts can be 
constructed using 2 to 3 concentric rings of overlapping 
deep mixing columns, acting together in hoop compression. 
 Columns can be installed within an excavation to resist 
base heave, where they act like dowels penetrating through 
potential sliding planes. In some cases the sides of the 
excavation are stabilised to increase the passive earth 
pressure and to reduce the penetration length of sheet piling 
or diaphragm walls.   
 Soil mixing is also applied to stabilise landslides and 
critical slopes. With suitable column arrangements, 
typically in the form of walls, grids, cells and blocks which 
intersect a potential failure surface, the combined shear 
strength of soil is improved and the factor of safety is 
increased.  
 There are also novel applications comprising of soil 
nailing and installation of special anchors using deep 
mixing. Special anchors can be also installed with the 
Nordic Method.              

9.3  Ground Treatment 
Ground treatment works usually involve substantial 
volumes of unobstructed soft soils and fills to be improved 
on-land, at waterfront areas and offshore with relatively 
high area improvement ratios. Typical examples are large 
developing projects including the construction of roads and 
tunnels on soft soils, stabilisation of reclaimed areas or 
river banks, and the strengthening of sea-bottom sediments. 
The purpose of improvement is mainly the reduction of 
settlement and an increase of bearing capacity, as well as 
prevention of sliding failure. Novel applications include the 
installation of wave-impeding deep mixing blocks of high 
rigidity beneath or near the foundation to reduce adverse 
effects caused by vibration on surrounding structures.  
Depending on the project requirements, deep and shallow 
soil mixing methods can be applied, including mass 
stabilisation.  
 Ground treatment works also comprise of dry and wet 
method soil stabilisation to a low strength, on the order of 
0.2 to 0.5 MPa (unconfined compressive strength), using a 
reduced amount of cement and cheaper supplementary 
binders, like fly ash and gypsum. In case of the wet method 

the amount of slurry injected into the soil can be increased, 
hence improving the uniformity of mixing as compared to 
standard deep mixing applications using cement grout. 
High initial moisture content of the soil may have an 
adverse effect on the compressive strength and/or hardening 
process after treatment, as observed in soft Finnish clay in 
the Old City Bay area in Helsinki (Vähäaho, 2002). As a 
consequence, dry mixing may be the better option for very 
wet soils.  
 Underground blocks of low-strength deep mixing may 
be used to increase passive resistance and minimise heave 
at the bottom of excavation, allowing at the same time easy 
driving of sheet pilling elements or piles directly into or 
through the improved ground. Moderate strength deep 
mixing can also be used to improve soft soil to allow steady 
digging by the shield tunnel machine. 

9.4  Hydraulic Cut-off Walls  
Hydraulic cut-offs walls are constructed by deep mixing to 
intercept the seepage flow path. The columns/panels are 
typically installed through the permeable strata to some cut-
off level, usually penetrating 0.5 to 1 m into a clay layer or 
finishing at the top of the bedrock. The soils treated are 
generally highly permeable coarse deposits, or interbedded 
strata of fine- and coarse-grained soils.  
 The applications mainly involve rehabilitation and/or 
upgrading of older water-retaining structures to meet new 
regulations for safe operation. Typical examples are earth-
fill dams, dyke embankments and river banks. In the case of 
excavations, the supporting deep mixing walls may 
additionally serve to prevent seepage of groundwater 
towards the pit. When a conventional elevation of a river 
dyke crest is not possible, steel H-beams can be installed in 
deep mixing columns to support concrete superstructures or 
light dismountable protection walls on the crest to prevent 
overtopping (e.g. Topolnicki, 2003).  
 Since the hydraulic conductivity and continuity of the 
cut-off wall are of primary importance, careful design of 
slurry mixes tailored to soil conditions, and adequate 
control of overlapping zones and verticality are required, 
especially when cut-off walls are executed to a large depth 
with single shaft mixing equipment. For deep mixing walls 
the unconfined compressive strength is typically in the 
range of 0.7 to 3 MPa, and higher if steel reinforcement is 
installed, while the permeability is normally between 10-8 to 
10-9 m/s. When bentonite and/or clayey stone dust and/or 
fly ash are added to the slurry mix the permeability can be 
reduced to 10-9 to 10-10 m/s, with associated decrease of the 
unconfined compressive strength usually below 1 MPa.   

9.5  Environmental Remediation 
Environmental applications emerged during the past 10 
years and mainly involve installation of containment 
barriers and solidification/stabilisation of contaminated 
soils and sludges. In the United Kingdom wet deep mixing 
for ground improvement was employed in early 1990s for 
the construction of temporary shafts, of approximately 4 m 
internal diameter and up to 15 m deep. In this concept 2 to 
3 concentric unreinforced overlapping rings were created 
by 75 cm diameter secant columns, which were designed to 



act together in hoop compression. The columns were 
installed with a simple auger-type mixing tool, using five 
passes of the tool over a 1 m withdrawal length. Around 
1995 soil mixing was introduced for geo-environmental 
applications, with growing importance. 
 Fixation is much harder to achieve, as it requires 
contact of the chemical reagent with the contaminant. This 
is easier in sandy soils but very difficult in clayey soils. At 
an experimental level, soil mixing has also been used to 
introduce micro-organisms-based grout for bioremediation 
purposes, acid/base reagents for neutralisation, and 
oxidation reagents for chemical reaction.  
 Soil mixing containment systems include passive and 
active type barriers constructed around a part, or the entire 
periphery of the contaminated site. Passive barriers 
resemble hydraulic cut-off walls described above and are 
installed to prevent migration of polluted leachates out of 
the contaminated site. Active barriers have permeability 
comparable to the native soil. They are typically 
constructed as ‘gates’ in passive barriers to reduce 
significant effects of the containment on the existing 
groundwater regime. With appropriate soil-mixed materials, 
such as modified alumina silicates, and adsorbance 
capacities, gates act as microchemical sieves, removing 
contaminants from groundwater as it passes through and 
allowing, in principle, only clean water to emerge on the 
other side. Four recent case histories covering this concept 
have been reported by Al-Tabbaa and Evans (2002). The 
deep mixing containment barriers are suitable for existing 
waste disposal deposits and new landfill facilities. 
However, grout composition and binder reactions with the 
contaminants in the short and long term perspective are key 
factors in the success of such applications. 
 Solidification/stabilisation of contaminated soils and 
sludges containing metals, semi-volatile organic 
compounds and low-level radioactive materials using wet- 
and dry method soil mixing started to be recognised as a 
favoured remediation option because of the advantages over 
other containment and remediation methods. These include 
reduced health and safety risks, elimination of off-site 
disposal, low cost, and speed of implementation.  
 By selecting appropriate equipment and procedures, 
the reagents can be uniformly injected at depth, and 
efficiently and reliably mixed with the soil or sludge 
present. In the case of soil contaminated with volatile 
compounds, negative pressure is kept under a hood placed 
over the mixing tool to pull any vapours or dust into the 
vapour treatment system. 
 
10 RESEARCH AND FUTURE DEVELOPMENT 

NEEDS 
Compared to other foundation methods, soil mixing is still 
in a development phase and well-documented case histories 
of novel applications and practical experience are needed. 
For many deep mixing applications, conventional design 
methods are not applicable, as the execution method affects 
the performance of the stabilized ground. It is also difficult 
to apply experience obtained from applications in one 
geological region, to projects in other areas without careful 

evaluation of the design assumptions and limitations of the 
method. Therefore research and technical development are 
needed in order to make design more economical and 
reliable. In the following the need for future research will 
be briefly discussed: 

10.1  Materials and Binders 
Binders are an important component of the deep mixing 
process. The total cost of deep mixing projects is affected 
by the type and amount of required stabilizing agent. The 
optimal binder selection and mixing ratio depend on the 
geotechnical properties of the material to be improved, but 
also on the geotechnical design of a project. This aspect is 
of particular importance for dry soil mixing, where in many 
cases the mixing ratio is relatively low.  
 Further research is required with respect to the 
application of dry and wet mixing in unusual materials, 
such as organic clays and peats.  
 An increasingly important area is the application of 
soil mixing for the solution of geo-environmental problems. 
Additional research is needed with respect to the 
appropriate choice of binder mixtures for different types of 
contaminated ground. 
 There is a need for standardized laboratory mixing 
procedures for optimal design of binder quantities. There is 
still a lack of understanding how the mixing energy applied 
during laboratory tests, can be correlated to in-situ 
conditions.  At present, it is difficult to predict the 
increase of strength and stiffness of the improved ground 
during and after mixing. Therefore, in many cases, large-
scale field tests are required to verify the design 
assumptions for important projects.  

10.2  Analysis and Design Methods 
The strength and deformation properties of individual 
columns and of the composite material (ground reinforced 
by columns or wall elements) are important for design. 
However, there is a lack of suitable testing methods, which 
provide information on the strength and deformation 
properties in situ. 
 In the case of the Nordic dry mixing method, the 
design assumes that the stabilized columns are flexible and 
interact with the surrounding soil. Additional studies are 
needed in order to verify the deformation properties of 
improved ground. Full-scale installations can provide 
valuable information on the stress strain behaviour of lime 
column reinforced embankments and slopes.  
 There is still uncertainty regarding the permeability – 
and drainage capacity - of columns created by different dry 
mixing binders.  
 The deformation properties of stabilized soil when 
subjected to dynamic and cyclic loading are not fully 
understood and further studies are needed. 
 The effect of the mixing process on the strength of the 
soil – and the possible temporary reduction of strength due 
to soil disturbance – is not fully understood. 
 Wet mixing methods can achieve rigid, pile- and wall-
like elements, which can be installed into stiff bottom 
layers, while dry mixed columns usually are terminated 
above rigid strata. Stiff, rigid columns interact in a different 



way with the soil than the more flexible columns obtained 
by dry mixing. It is important that design engineers are 
aware of these differences. 

10.3  Execution 
At present, dry deep mixing is used mainly in the Nordic 
countries, with soft, often sensitive clays or silts and high 
water content. Experience is needed from dry mixing 
projects in stiff clays and silty or sandy soils. 
 In the case of dry mixing, the binder is introduced in 
the soil by air pressure. Additional research is needed to 
establish whether the injection of air affects the behaviour 
of the improved ground. 
 New “hybrid methods” are being introduced, where 
deep mixing is combined with jet grouting or trenching 
methods. Only limited experience is available from projects 
where these new methods have been used. Well-
documented case histories can provide additional 
information, which can result in more efficient project 
design and execution. 

10.4  Supervision, Testing and Monitoring 
Field monitoring and the active control of the installation 
and mixing process are important for the reliable execution 
of deep mixing projects. At present, it is difficult to predict 
and verify the geometry of stabilized columns. Even with 
careful field monitoring equipment it is at present difficult 
to predict the actual column diameter (or its variation) in 
soils with variable layers. Another subject for further 
studies is the control of the verticality of columns (accuracy 
of installation), especially in the case of overlapping 
columns with lengths exceeding 10 m. This aspect is of 
special importance when deep mixing is used to support 
slopes, high embankments and excavations. The 
determination of the strength and deformation properties of 
stabilized columns is difficult by conventional geotechnical 
methods. There is a need for new, innovative testing and 
control methods. Seismic methods have the potential of 
providing valuable information about the stiffness of 
individual columns and of the column-reinforced soil. 
Other geophysical methods, such as the geo-radar could be 
used for geotechnical and geo-environmental applications.  

10.5  Environmental Considerations 
Binders can cause environmental problems, for instance 
when field personnel is exposed to unslaked lime and 
cement. European regulations can restrict the use of some 
binder types, which are potentially hazardous for the 
ground water. 
 Shallow and deep mixing methods have a large 
potential for the solidification or encapsulation of 
contaminated soils. However, further research and 
additional field studies are needed for general application of 
deep mixing in this area. 
 
11 MARKET SHARES, TRENDS AND FUTURE 

EXPECTATIONS 
In the Nordic countries (Finland, Norway and Sweden), dry 
deep mixing is primarily used for reduction of settlements 
and for improvement of stability, especially for road and 

railway embankments on soft soil deposits. An important 
advantage compared to ground improvement by e.g. 
vertical drains is the rapid gain in soil strength, resulting in 
shorter construction time.  Deep mixing is also 
employed to a lesser extent for the foundation of smaller 
buildings and bridges, as well as for stabilization of 
excavations and natural slopes. When properly designed 
and executed, considerable cost reductions can be achieved 
compared to pile foundations. Experience has been 
favourable from a technical perspective, as well as from an 
economic viewpoint. Application of Wet Deep Mixing 
 In Central Europe, the wet deep mixing method 
dominates and is used for a variety of projects, such as 
retaining structures, foundation elements for buildings and 
bridges, the construction of cut-off walls etc.  
 There is a growing market for the wet mixing method 
for the remediation of contaminated soils. Extensive 
research and development work is presently under way 
especially in the United Kingdom. 
 
12 CONCLUSIONS 
The geological and geotechnical situation in Europe is 
complex. There is a potentially large market for deep 
mixing methods, for instance related to the increasing 
urbanization and expansion of the transportation 
infrastructure.  
 Different deep and shallow mixing methods have been 
developed in different parts of Europe. The optimal mixing 
method for a specific project depends on a variety of 
factors, such as the geological and geotechnical conditions, 
the structural requirements, the experience of the design 
engineer and the availability of suitable equipment and 
qualified personnel. 
 The introduction and implementation of the European 
Standard on Deep Mixing prEN 14679 is an important step 
towards the increased acceptance and wider application of 
deep mixing in Europe. 
 In the recent past, several new mixing methods and 
applications have been introduced. However, practical 
experience is still limited to certain soil conditions and 
specific applications. 
 Design engineers are often not aware of the potential 
but also of the limitations of deep mixing and rely to a large 
extent on the competence and practical experience of the 
contractor. Thus, monitoring and control of the execution of 
deep mixing projects is important in order to assure cost-
effective and reliable applications. 
 There is a large potential for new applications of deep 
mixing, in particular in the environmental field. 
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ABSTRACT : This document, requested by Deep Mixing 05 conference officials, presents the state of the practice of deep 
mixing technology in North America. The contents include a brief historical perspective, typical soil deposits, mixing 
process and machinery, organizations involved with deep mixing, major related events in the last five years, guide 
documents developed by various organizations, general application categories, typical wet and dry mixing projects, research 
and future development needs, market share, and future expectations. 
 
1 INTRODUCTION 
Deep mixing (DM) is defined as an in situ ground 
modification technology by which a wet or dry binder is 
introduced into the ground and is blended with the soil by 
mechanical or rotary mixing tools.  Mixing equipment may 
consist of single or multiple-shaft tools having cutting and 
mixing blades of many different shapes and configurations. 
The result of mixing is a hardened ground with improved 
engineering properties (such as strength, compressibility & 
permeability) compared to the native ground.  Binders 
usually include cement (and sometimes lime), but it may 
also include processed clay such as bentonite, when a 
reduction in hydraulic conductivity is desired, or other 
proprietary chemical reagents for example for organic soils 
or for neutralization or remediation of certain chemical 
compounds. This section describes a brief historical 
perspective, various soil deposits, and the process and 
machinery involved with deep mixing practice in North 
America. 

Historical perspective 
Despite the early work performed by Norman Liver in the 
US in 1956 (patent #3,023,585 by the Intrusion Prepakt 
Company), deep mixing did not gain acceptance in the 
United States until 1980’s because it was not considered to 
be cost effective compared with available technologies; and 
also the limited space issue, such as the condition in Japan, 
was not the prime engineering challenge. However, DM 
was widely accepted overseas in the 1970’s; and since then 
significant advances have been made to the basic system by 
the mounting of multiple auger shafts to increase 
productivity, by the development of more powerful motors 
to overcome obstructions and more efficient mixing tools. 
In 1987, the first US use of deep mixing was applied to a 
liquefaction mitigation project for the Bureau of 
Reclamation beneath Jackson Lake Dam in Wyoming. 

The construction, beginning in the 1990’s, of the 
Central Artery in Boston, Massachusetts, a depressed 
highway constructed in a very urbanized and crowded 



   

 

central business district, provided an opportunity for 
contractors and engineers to provide unique solutions in a 
very difficult geotechnical setting and a showcase of DM 
technology. Deep mixing was chosen to provide excavation 
support and mass stabilization or buttressing of the 
constructed new alignment. As the quantity of deep mixing 
on this project exceeded half a million cubic meters, it 
provided significant insight in the possibilities and 
problems with implementation and costs associated with 
this technology. In addition, in connection with the 
reconstruction of Interstate 15 in Salt Lake City, dry mix 
lime-cement columns were used to stabilize a high 
embankment and decrease settlement, serving as a 
laboratory and showcase for this allied technology 
(Dimillio, 2003). 

 
Soil deposits 
Figure A1 (see appendix) shows the map of different soil 
deposits throughout the US. The map trends are from well 
developed soils in the warm and wet South Eastern US to 
less developed soils to the north due to colder temperatures.  
To the west the soils become less developed as the climate 
becomes more arid.  The mountainous regions have young 
poorly developed soils.  There are some well developed 
soils along the west coast.  In addition, there are clay 
dominated soils along the Mississippi and parts of Texas 
and volcanic soils in the North West US. A more detailed 
information on soil deposits found in different regions in 
the US is compiled in the Appendix. 
 
Process & machinery 
The typical equipment used for DM consists of a set of one 
to four mixing tools, top driven by either hydraulically or 
electically powered motors. These motors and the shafts 
they power ride up and down a specially designed lead, 
which in turn is supported by a crane or may be structurally 
integrated into the crane body itself. The mixing tools 
consist of thick-walled rods, usually 200-300 mm (8-12 in) 
diameter, with 50-75 mm (2-3 in) diameter center holes for 
slurry conveyance. 

In the multi axis auger case, attached along each 
rod are mixing paddles which are designed to overlap with 
the paddles on the adjacent, counter rotating rod, to create a 
pugmill-like mixing environment for the soils and the 
injected slurry. The mixing slurry is usually injected at 
pressures up to 10 Bar (150 psi).At the bottom of each rod 
is a cutting head, also equipped with a hollow center that is 
designed to lift the soil to the mixing paddle area where the 
soil is blended with the previously injected slurry. As the 
rods and paddles penetrate the soil, they continuously rotate 
and mix the slurry and soil together. When the bottom of 
the stroke is reached, further slurry is injected while the 
shafts held at that depth and mix for a short period of time 
to insure blending of the bottom of the column. The rods 
are then slowly pulled from the ground with continued 
rotation and slurry injection at a reduced rate (Nicholson, 
2001). 

In the case of the single axis auger equipment, the 
grout is usually injected at pressures in the range of 140-
280 Bar (2000 – 4000 psi).  The turbulent action of the high 

pressure grouting is claimed to replace the pug-mill action 
of the multi axis augers discussed previously.  
 

2 ORGANIZATIONS INVOLVED WITH DM 

NDM research program 
The mission of the National Deep Mixing (NDM) research 
program (www.deepmixing.org) is to facilitate advancement 
and implementation of deep mixing technology through 
partnered research and dissemination of international 
experience.  It serves as the forum to identify current best 
practices and guide new developments in the design and 
construction.  

Several initiatives of the NDM research program 
are presented in the next section. In addition, the NDM 
research program has initiated collaborative efforts with the 
international community involved with deep mixing, 
including Swedish Geotechnical Institute and Cambridge 
University. As part of outreach to the practitioners/users of 
the technology, the NDM program has organized a number 
of workshops and one symposium (see next section) to 
increase public awareness and user’s confidence. These 
events were held in Transportation Research Board and 
annual conferences of Geo-Institute of American Society of 
Civil Engineers (Porbaha et al. 2005). 
 
Deep Foundations Institute 
The Deep Foundations Institute (DFI) established a Soil 
Mixing Committee in 1998 (www.dfi.org).  Committee 
members, including several international members, are 
engineers, contractors and owners who desire to work 
together to improve the planning, design and construction 
of deep mixing projects.  Committee efforts are directed 
towards eliminating roadblocks to the use of deep mixing 
methods and to educating the North American engineering 
community.  They are working to establish realistic quality 
expectations for different applications and to develop 
recommended QA/QC procedures for the wet method.  The 
Committee has sponsored seminars and is currently 
working on a Guide Specification for the wet-method. 
 
Other organizations 
The US Army Corps of Engineers (USACE) has been 
involved with solidification or stabilization of contaminated 
ground. In addition, USACE has used DM for cutoff wall 
systems for flood control of levees. 

The US Environmental Protection Agency (EPA) 
has been involved in the remediation of the sites improved 
by DM for environmental applications.  

The Portland Cement Association (PCA) has been 
involved in developing cement-based grouts for the 
stabilization and solidification of contaminated soils. 
Several universities are currently involved with research on 
deep mixing, including Virginia Tech, University of Texas 
at Arlington, Texas A & M, University of Kansas, 
University of Nevada, and Wentworth Institute of 
Technology, among others. These universities are involved 
in research for the NDM research program, the State 
Department of Transportation, and private sponsors. 



   

 

 

 

Figure 1: In-situ mixing practiced in North America 
consist of a set of one to four mixing tools and top 
driven by either hydraulically or electically powered 
motors; Courtesy of (alphabetically): Condon-Johnson 
& Associates, Geo-Con, Hayward Baker, Raito, 
Schnabel, Seiko. 



   

 

3 MAJOR DM RELATED EVENTS 
Deep mixing has been the focus of several conferences, 
workshops, and short courses. Several related events are as 
follows: 

�  Deep mixing workshop on “Challenges for 
implementation of deep mixing technology”, 
(Porbaha & Roblee, 2001) Oakland, California, 
2001. This event was organized by NDM Research 
program. 

�  Specialty seminar by Deep Foundation Institute 
(DFI), Missouri, 2001. 

�  Geo-Institute conference, Orlando, 2002 
�  Grouting conference, New Orleans, 2003 
�  Workshop on “Deep mixing for embankment 

support”, Transportation Research Board (TRB), 
Washington DC, 2004. This event was organized 
by NDM Research program. 

�  Geo-Support conference, Orlando, 2004 
�  Deep mixing Symposium, Geo-Trans, Los 

Angeles, 2004. This event was organized by NDM 
Research program. 
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Figure 2: Deep mixing papers published in Geo-
Institute annual conferences (Courtesy of A. Puppala) 
 
 

�  Workshop on “Innovative technologies to 
accelerate construction”; Transportation Research 
Board (TRB), Washington DC, 2005. This event 
was organized by NDM Research program. 

�  GeoFrontier conference, Austin, 2005 
 
Figure 2 shows increase in publications related to deep 
mixing in the annual ASCE/Geo-Institute conferences in 
recent years.  
 
4 STANDARDIZATION & GUIDE DOCUMENTS  
North American practice lacks standard procedures for 
laboratory sample preparation, coring, and testing of soil 
cement.  However, the work plan of the NDM research 
program includes addressing these deficiencies. Filz et al. 
(2005) discussed the standardized definitions and 
laboratory procedures. 

Overall, in the North American practice “codification” 
of deep mixing design and construction is not encouraged 

due to complexity and the judgment associated with the 
real-world problems. In the meantime, several “guide 
documents” have been developed to address issues related 
to design, construction and quality control. A summary of 
documents and reports is discussed below. 
 
NDM documents  
NDM has initiated a number of practice-oriented projects. 
These initiatives include review of international practice, 
developing simplified methods for analysis, design 
guidelines for specific applications, synthesizing the current 
state-of-the practice, design charts, and addressing 
uncertainty of soil cement through the reliability theory. 
Some of the NDM projects are as follows: 
 

�  Simplified seismic response evaluation of sites 
improved by deep mixing 

�  Design guidelines for excavation support  
�  Design guidelines for embankment support 
�  Design charts for geosynthetically reinforced 

column supported embankments  
�  In situ tests for quality assessment of deep mixing   
�  Uncertainty modeling using reliability theory 
�  Practitioner's guide for stabilization of organic 

soils and peats 
�  Collaborative work with Swedish Geotechnical 

Institute and Cambridge University. 
 

Porbaha et al. (2005) presented more details about the 
NDM research projects. 
 
SOA documents 
A series of State-of-the-Art (SOA) reports was published 
by Ground Improvement, The Journal of International 
Society of Soil Mechanics & Geotechnical Engineering; 
and the American Society of Civil Engineers (ASCE) 
Journal of Infrastructure systems, covering basic concepts, 
applications, material characterization, design, construction 
and quality control. Here is the list: 
 
State-of-the-art in Deep Mixing Technology, Part I: Basic 

concepts and overview of technology, Ground 
Improvement, Journal of International Society of Soil 
Mechanics and Geotechnical Engineering, Vol. 2, No. 2, 
81-92 (Porbaha, A. 1998) 

State-of-the-art in Deep Mixing Technology, Part II: 
Applications, Ground Improvement, Journal of 
International Society of Soil Mechanics and 
Geotechnical Engineering, Vol. 2, No. 3, 125-139 
(Porbaha et al. 1998). 

State-of-the-art in Deep Mixing Technology, Part III: 
Geomaterial characterization of deep mixing, Ground 
Improvement, Journal of International Society of Soil 
Mechanics and Geotechnical Engineering, Vol. 4, No. 3, 
91-110 (Porbaha et al. 2000). 

State-of-the-art in Deep Mixing Technology, Part IV: 
construction aspects of deep mixing technology, Ground 
Improvement, Journal of International Society of Soil 
Mechanics and Geotechnical Engineering, Vol. 5, No. 3, 
123-140 (Porbaha et al. 2001). 



   

 

State-of-the-art in Deep Mixing Technology, Part V: design 
considerations, Ground Improvement, Journal of 
International Society of Soil Mechanics and 
Geotechnical Engineering, Vol. 4, No. 3, 111-125  
(Porbaha et al 2001). 

State-of-the-art in Deep Mixing Technology, Part VI: 
Quality assessment, Ground Improvement, Journal of 
International Society of Soil Mechanics and 
Geotechnical Engineering, Vol. 6, No.3, 95-120  
(Porbaha 2002). 

Deep mixing technology for liquefaction mitigation, 
Journal of Infrastructure Systems, ASCE, March issue, 
Vol.5, No.1, 21-34 (Porbaha et al. 1999). 

 
USACE  documents 
The reports of the US Army Corps of Engineers (USACE) 
mainly address the design and construction of DM for 
solidification or stabilization of contaminated ground. 
 
USACE (1995) Treatability studies for solidifica-

tion/stabilisation of contaminated material. USACE 
Technical Letter No. 1110-1-158. Department of the 
Army, United States Army Corps of Engineers, 
Washington D.C.  

USACE (1998) Guide specification for construction, 
solidification/stabilization of contaminated soil. 
USACE Document No. CEGS-02160. Department of 
the Army, United States Army Corps of Engineers, 
Washington D.C.  

USACE (2000) Solidification/Stabilization of contaminated 
material, Unified facility guide specifications. USACE 
Document No. UFGS-02160A. Department of the 
Army, United States Army Corps of Engineers, 
Washington D.C.  

 
USEPA documents  
The reports of the US Environmental Protection Agency 
(EPA) address the remediation of sites improved by DM for 
environmental applications. 
 
USEPA (1994) Innovative site remediation technology: 

Volume 4, Solidification/Stabilization. EPA Document 
No. EPA 542-B-94-001. Office of Solid Waste and 
Emergency Response. Washington, USA.  

USEPA (1997) Innovative site remediation technology: 
Design and application, Stabilization/Solidification, 
Volume 4. EPA Document No. EPA 542-B-97-007. 
Office of Solid Waste and Emergency Response. 
Washington, USA.  

USEPA (1999) Solidification/Stabilization resource guide. 
EPA Document No. EPA 542-B-99-002. Office of Solid 
Waste and Emergency Response. Washington, USA.  

 
FHWA documents 
The Federal Highway Administration (FHWA) published a 
three volume report: 
 
FHWA (2000) An introduction to the deep mixing method 

as used in geotechnical applications.  Prepared by ECO 
Geosystems, L.P., FHWA, McLean, Virginia. 

 
FHWA (2000) Supplemental reference appendices for an 

introduction to the deep mixing method as used in 
geotechnical applications.  Prepared by ECO 
Geosystems, L.P., FHWA,  McLean, Virginia. 

 
FHWA (2001) An introduction to the deep mixing method 

as used in geotechnical applications, verification and 
properties of treated ground.  Prepared by ECO 
Geosystems, L.P., FHWA,  McLean, Virginia. 

 
PCA document 
The Portland Cement Association (PCA) has provided 
guidance in the use of cement-based grouts for the 
stabilization and solidification of contaminated soils. 
 
Conner, J. R. (1997). “Guide to Improving the 

Effectiveness of Cement-Based Stabilization/ 
Solidifications,” Engineering Bulletin by Portland 
Cement Association, Skokie, IL. 

 
WTC document, Canada  
Wastewater Technology Centre (1991) Proposed 

evaluation protocol for cement-based solidified wastes. 
Report EPS 3/HA/9 Wastewater Technology Centre, 
Environment Canada.  

 
5 GENERAL APPLICATIONS 
One of the distinctive features of deep mixing is the wide 
spectrum of applications in the construction industry 
(Porbaha et al., 1988). Six main application categories 
include hydraulic barrier systems, retaining wall systems, 
foundation support systems, excavation support systems, 
seismic strengthening systems, and environmental 
remediation systems. A quick summary of representative 
applications for each category is presented here. (see 
Appendix A2 for location of the projects on the US map). 
 
Hydraulic barrier systems 

�  Flood control for levee 
�  Extending the crest level of an existing dam  
�  Dewatering of high-rise building close to harbor 
�  Cutoff wall for a dam spillway 
�  Dewatering of an elevated roadway below sea 

level  
 
Retaining wall systems 

�  Reinforced gravity structure 
�  Gravity wall for river front 
�  Sea wall for a port  
�  Secant walls 
�  Deep water bulkhead 

 
Foundation support systems 

�  Heavy machinery foundation 
�  Highway  embankment foundation 
�  Storage tank foundations 
�  Deep foundation for light rail system 
�  Dome silo foundation  



   

 

�  Foundation of parking garage 
�  Bridge abutment foundation 

 
Excavation support systems 

�  Excavation for CA/T  project 
�  Excavation for depressed highway section projects 
�  Excavation for vibratory machinery 
�  Excavation for building  
�  Braced excavation  
�  Excavation for cut & cover tunnel 
�  Trench excavation for railway tracks  

 
Seismic strengthening systems  

�  Seismic retrofit  of dam foundation  
�  Alleviation of lateral spreading 
�  Liquefaction mitigation  of culvert  foundation 
�  Strengthening around an excavation 
�  Seismic stabilization of dune deposits 
�  Liquefaction mitigation of river bank 
�  Seismic strengthening of levees  

 
Environmental remediation systems  

�  TCE remediation  
�  PCB stabilization 
�  Hydrocarbon contamination 
�  Stabilization of Lagoon sludge 
�  Stabilization of steel factory disposal pond 
�  Leachate control for sediment pond 
�  Remediation of site contaminated with heavy 

metals 
 
The DM walls for excavation are typically used when 
control of water is a major consideration. The most 
common type of excavation support wall, H-Beams and 
wood lagging does not provide positive water cut-off. The 
sheet pile walls, that provide water cut-off, are typically 
more expensive than soil cement walls. Lately it has been 
noted in some soil stratigraphies that discrete soldier piles 
for soldier pile and lagging systems can be installed most 
economically by DM methods. 

6 TYPICAL APPLICATIONS OF WET MIXING  
This section consists of typical case histories of wet mixing 
projects in North America. These case histories are derived 
from a variety of resources, and interviews with those 
involved with the projects. Some of these case histories are 
presented for the first time. The goal was to obtain the soil 
data before and after the ground treatment, however, the 
effort was not successful for certain projects.  
 
6.1 Hydraulic barrier systems 
 
Flood control for levee 
Geotechnical investigations recommended installation of a 
cutoff wall system for Sacramento river in California to 
control seepage and prevent sudden levee failure due to 
piping during flood conditions. The improved section of the 
flood control levee was mainly composed of loose to 

medium dense clean sands of uniform size interbedded with 
silt and clay. The primary constraints were related to the 
narrow crest of the levees, steep side slopes, limited 
accesses to the levee crest, and the existence of residential 
neighborhood development adjacent to the levee. For this 
project 3253 linear meter overlapped columns of DM cutoff 
wall system with a thickness of 0.45 m (1.5 ft) were 
installed up to a depth of 9.1 m (30 ft) using a triple axle 
machine. 

 
Figure 3:  Cross section of the Sacramento Levee for 
flood control 

Another project is the Snake River where water 
level reached a maximum elevation of 741 feet above 
mean sea level with the top elevation of the levee at 
about 747 feet. One section of the levee, 150 feet long, 
had a severe seepage problem and required a pond 
downstream of the embankment for the storage of the 
water. DM was used for the construction of a soil-
cement-bentonite wall for the control of seepage 
through and under the embankment. A test section and 
approximately 28,000 square feet of soil-cement-
bentonite cutoff wall was constructed using triple-shaft 
soil mixing equipment down to the bedrock at a 
maximum depth of 60 feet. Acceptance criteria at 28-
days for unconfined compressive strength required a 
minimum strength of 20 psi and the hydraulic 
conductivity of the cutoff wall required a maximum 
coefficient of 5 x 10-7 cm/sec. The strength testing data 
of all specimens tested ranged from 155 to 464 psi and 
the coefficient of permeability ranged from 3.4 x 10-7 to 
3.8 x 10-8 cm/sec. 

 
Figure 4: Cross section of the levee with DM cutoff 
wall from the US Army Corps of Engineers record 
(Courtesy of D. Yang) 
 
Extending the crest level of an existing dam  
A deep mixed cutoff wall was constructed to extend the 
crest level of an existing dam site in Dayton, Ohio to reach 
the maximum probable flood levels anticipated by the Ohio 
State Department of Natural Resources. The 21 m (69 ft) 
high, 1950 m long Lockington Dam is founded on 
limestone bedrock. The top 1.5 to 4 m (4.92 to 13.12 ft) 



   

 

comprised of medium dense gravelly sand followed by wet 
to saturated silty sand of about 1 to 8 m (3.28 to 26.24 ft) 
thick. It was observed that during the maximum probable 
flood, the water level could result in seepage and 
potentially induce sliding or piping failure. Based on the 
initial laboratory investigations varying proportions of 
cement and bentonite mixtures were proposed with water 
cement ratios ranging from 14 to 33% by weight with 
strength and permeability as the main criteria.  A triple 
auger crane mounted rig was used with an overlapping 
pattern of primary and secondary strokes, ensuring a 
continuous wall. A total of 6200 sq-m of wall was installed 
to a depth of 6.5 m (21.32 ft) In addition, extensive 
sampling of the mixed in place columns was undertaken to 
assess the strength gain and permeability properties 
(Walker, 1994). 
 

 
Figure 5: Extending the crest of a dam (Walker, 1994) 
 
Dewatering of high-rise building close to harbor 
Deep mixing was used to create a groundwater cutoff wall 
Marin Tower site with a considerable dewatering challenge 
30.5 m (100ft) from the harbor in Honolulu, Hawaii. The 
project was the Marin Tower, a $36 million mixed-use 
project of 28 stories and 7.6 m (25 ft) underground with a 
two-level parking garage.  
 

 
Figure 6: Dewatering of high rise building close to the 
harbor 

The site featured a thin covering of fill over 
cemented coraline limestone. Underneath are partially 
cemented coraline sands, silts and highly permeable gravel. 
Considerable amounts of water can pass through the voids 
in these soils, making dewatering difficult. Because of this, 
and the site's proximity to the harbor, DM cutoff wall 
system was used.  The overlapping columns of cement and 
bentonite were reinforced by inserting steel beams into the 
mixture. Resistance to earth and water pressures behind the 
wall was provided by 110 pressure-injected tiebacks, which 
were drilled into the wall and anchored in the soil behind it. 
The 3158.7 square meter wall extends around three sides of 
the site.   
 
Cutoff wall for a dam spillway 
In conjunction with the installation of a new radial gated 
spillway for Lake Cushman in Hoodsport, Washington, two 
sections of embankment were constructed abutting the 
spillway head-works. The site was underlain by layers of 
glacial deposits. These glacial deposits overlay bedrock 
consisting of pillow basalt. Due to the lack of low 
permeable materials at the site for the construction of a clay 
core in the embankment a soil-cement core wall was 
designed in the spillway embankment for seepage control 
through the spillway embankment and glacial outwash. 
Further investigation revealed that the glacial till contained 
less fines and was more permeable than expected. 
Therefore the core wall had to be extended to a maximum 
depth of 42.6 m (140 ft) to reach the bedrock for seepage 
cutoff. DM equipment was placed on top of the spillway 
embankment and drilled through the embankment, glacial 
deposits, weathered rock and reached competent basalt. The 
challenge included: 1) working on top of the narrow 
embankment; 2) wall installation in high permeable 
embankment and outwash materials; 3) hard drilling in 
cemented glacial till containing cobbles and boulders; and 
4) reaching competent bedrock which varied in depth 
significantly. To overcome the hard drilling, predrilling 
with a single auger was performed and was then followed 
by a core wall production using three-axis augers. Bypass 
soil-cement panels were installed to maintain the continuity 
of the wall when large boulders were encountered. To 
prevent leakage a joint structure was constructed to connect 
the concrete spillway headworks and the DM wall. 
Bentonite and sand mixture was backfilled in the U-shaped 
zone during embankment construction. The DM wall was 
then installed inside the U-shaped zone to form a low 
permeable joint zone. The depth of improvement was 20.12 
to 42.67 m (66 to 140 ft); and minimum wall width of the 
DM was 0.61 m (24 in).  
 
Dewatering of elevated roadway below sea level  
Strict noise and vibration requirements needed to be kept 
during the shoring operation in front of the Airport Hilton, 
at the San Francisco International Airport. The bottom of 
the pile-cap for construction of elevated roadway was 
approximately 4.57 m (15 ft) below sea level, and 
dewatering was deemed to be a problem. The DM system 
was chosen to perform the work due to its minimal noise 
and vibration outputs, and its ability to create an 



   

 

impermeable soil-cement barrier below the water table. The 
shoring design was based on the use of the DM system 
because of its ability to install an overlapping soil-cement 
wall. Wide flange soldier beams (W14X50) were installed 
in 0.6 m (24 in) -diameter soil mixed shafts approximately 
12.2 m (40ft) deep, on approximately 1.22 m (4 ft) centers. 
0.9 m (3 ft) soil-cement columns were also installed 
between the soldier beams to a depth of about 6.71 m (22 
ft) to provide the lagging support. The DM wall was 
installed in soft bay mud. Soil-cement strength 
requirements were 689.5 kPa (100 psi) and actual results 
averaged about 1034.2 kPa (150 psi) for both soldier beam 
and lagging columns. Lagging and beam columns 
overlapped approximately 0.15 m (6 in) to provide an 
impermeable barrier. A waler and bracing system was used 
approximately 3.0 m (10 ft) below grade to insure structural 
stability. During construction of the shoring walls, no 
complaints of noise or vibration were made from the Hilton 
Hotel. Excavation between the walls commenced almost 
immediately after the installation of the DM wall. After 
excavation, no dewatering of the hole was necessary. The 
soil-cement wall was used as the form for the pile-cap and 
concrete was poured directly against the shoring wall. The 
soldier beams were later pulled out of the wall, after the 
pile-cap was constructed and back-filled (CJA).  
 
6.2 Retaining wall systems 

 
Reinforced gravity structure 
The Oakland Airport Roadway project, Oakland, California 
included three new grade separation structures. The DM 
method was used to construct cutoff walls, soil-cement 
foundations and soil-cement gravity retaining walls for the 
construction of these grade separation projects (Yang, 
2003). The  subsurface  conditions consist of about 3 to 4.5 
m (9.84 to 14.76 ft) of  sand  fill  overlying relatively thin 
deposits of soft bay mud, usually less than 0.9 m (3 ft) 
thick. The fill and bay mud are underlain by competent 
medium dense to very dense sands and medium stiff to very 
stiff silty or sandy clays. In areas of former borrow pit, 
loose sands or silts and soft silty clay materials were 
encountered down to depths of 6 to 7.5 m (19.68 to 24.60 
ft) below the existing ground surface. The sand fill and 
loose sand materials below the groundwater level are 
subject to liquefaction during strong earthquake shaking. At 
this site, a block-type treatment of DM columns was used to 
provide permanent retaining structures along Air Cargo 
Road.  The overlapping DM elements were designed as a 
gravity structure and included soil nails for reinforcement 
and a permanent wall. The DM gravity structure facing was 
designed to limit the permanent lateral deformations to 
approximately 150 mm (6 in) during a design earthquake 
with a  probability  of exceedance of 20 percent in 50 years. 
Adjacent to the abutments of the Taxiway B bridge 
structure the DM walls were designed for a permanent 
deformation of about 90 mm (3.5 in) during a design 
earthquake with a probability of exceedance of 5 percent in 
50 years.  
 

 
Figure 7: Oakland Airport Roadway project (Courtesy 
of Larry Scheibel) 
 

 
Figure 8: Reinforced DM gravity wall (Courtesy of D. 
Yang) 

A block type soil mix column pattern was 
designed to limit the lateral deformations and induce 
earthquake resistance estimated approximately 0.47g to 
0.7g. The gravity wall, 34400 cubic meters (45000 cubic 
yards) was extended to a minimum of 1.22 m (4 ft) below 
the maximum depth of excavation.  
 
Gravity wall for river front 
A gravity mass of cemented soil was used to provide 
temporary and permanent support for a river front wall in 
Columbus, Georgia. The design concept involved a 
combination of the two forms of soil cement mixing. First, 
a row of tangent or secant columns was formed along the 
intended line of the proposed excavation. Then, additional 
vertical reinforcing soil cement columns were added in a 
pattern to ensure composite action of the mass of soil 
encompassed by the DM columns. This gravity block 
resists the sliding and overturning loads from the soil or the 
adjoining structures thus eliminating the use of bracings or 
tie back anchors. Further discussion of this project was 
presented by Nicholson e al. (1998). 
 
 
 
 
 
 
 



   

 

Sea wall for a port  
DM method was used for Berth construction in port of 
Oakland, California. The constructed soil cement wall had a 
length of 823 m (2700 ft) and a total wall area of about 
31,400 cubic meters (43,072 cubic yards). The wall 
consisted of 0.91 m (3 ft) diameter DM columns with a 0.61 
m (2 ft) spacing on centers, which was constructed using a 
triple shaft DM rig. Subsurface conditions consisted of 
loose to medium dense sand fill for the top 4.6 m  (15 ft) 
followed by soft to medium stiff clay up to 7.9 m (25.9 ft). 
The bottom 3 m comprised of medium dense, clayey sand 
followed by dense to very dense sand. A cement content of 
100 kg/m3 with a water cement ratio of 0.6 was used for 
this project. The 28 day strengths of the core samples from 
6 different depths had a mean of 2.501 MPa and a 
minimum value of 0.856 MPa corresponding to the target 
specification of at least 0.69 MPa.  
 
Deep water bulkhead 
DM was used to support a deep water bulk head as part of 
the development of 610 m (2000 ft) long marsh ground in a 
deep water port along the mouth of the Mississippi river to 
facilitate loading and unloading conditions (Burke et al, 
2001). The final design included treatment of 14.6 m (47.9 
ft) wide block behind the sheetpile to effectively reduce the 
lateral stresses using a cellular arrangement of 2.14 m (7 ft) 
diameter DM columns. Quality control was enforced to 
assure uniform mixing energy, grout intake and layout 
control. Quality assessment of the finished product was 
monitored using SPT, and CPT tests. The initial lateral 
movements of the wall ranged from 63.5 to 76.2 mm (2.5 to 
3 in). Subsequent movements, monitored a period of 15 
months, were found negligible.  
 

 
Figure 9: Arial view of deep water bulk head (Courtesy 
of G. Burke) 

 
Figure 10: Treatment pattern for deep water bulk head 
(Courtesy of G. Burke) 
 
6.3 Foundation support systems 
 
Heavy machinery foundation 
For the installation of new, heavy machinery at the Granite 
Works, Baltimore, Maryland facility, there were three 
distinct areas of concern (Burke et al. 2001): 
 

�  Future significant consolidation of the loose site 
soils under the heavy static and dynamic loads that 
would be imposed.  

�  Excavation below the groundwater table through 
permeable soils.  

�  Excavation support during foundation placement. 
 

The geotechnical investigation showed l.5 m (5 ft) of 
loose sand fill overlaying 6.1 m (20 ft) of very loose to 
medium dense clayey, silty sand.  Beneath this was a 
stratum of loose clayey sand extending to meet 
overconsolidated clayey silt at 9.1 m (30 ft). Groundwater 
was encountered at 1.5 m (5 ft). Given this soil profile, and 
the loads to be imposed, the geotechnical analysis indicated 
that 255 to 305 mm (10 to 12 in) of settlement was 
anticipated if no ground treatment was performed.  DM was 
proposed to provide both increased soil strength and 
reduced permeability. The unconfined compressive strength 
required for this project was 689 kPa (100 psi). The 1.8 m 
(6 ft) diameter columns extended from 3.3 m to 9.l m (11 ft 
to 30 ft) depths, as measured from the top of the existing 
slab, to effectively encapsulate the zone to be excavated 
and transfer loads to the competent soils below. 
Accordingly, all three construction issues of settlement 
control, lateral earth support and groundwater cut-off were 
addressed in one operation.  

 



   

 

 
Figure 11: Heavy machinery foundation (Courtesy of 
G. Burke) 
 
Highway  embankment foundation  
DM was used to support a highway embankment as a part 
of realignment and widening of approach interchanges in 
Virginia and Maryland. On the Virginia approach, the 
project overlies very soft and high compressible organic 
silts ranging from 3 to 12 m (10 to 40 ft) thick with an 
organic content of 5 to 15% and more in some areas. The 
natural moisture content of the alluvium clay was about 
80% with a liquid limit of 100% and plastic limit of 50%. 
The target 28 day unconfined compressive strength of 1380 
kPa was specified for wet mix and 552 kPa for dry mixing 
process in the field trial. A water to cement slurry at 1 to 1 
ratio for wet mixing process, and a cement dosage of 150 
kg/m3 were chosen for dry mixing to achieve the target 
strength. The field trial installation for the wet mix process 
included a total of 20 single auger and 9 triple auger 
columns each of 915 mm (3 ft) diameter penetrating the 
organic clay to a depth of 0.9 m (3 ft). A base mix design of 
1:1 and a minimum residual cement mix factor of 297 
kg/m3 were specified. A total of 59, isolated, 810 mm (2.65 
ft) dry mix columns were installed at 1.83 m (6 ft) and 3.05 
m (10 ft) center to center of the embankment with a mix 
design of 150 kg/m3 (Shiells et al, 2003). Quality control 
testing was performed using SPT, CPT and Reverse 
Penetration Tests. The results of this field test reconfirmed 
the significance of mixing energy in producing a DM 
quality product. Evidently, a large number of factors impact 
the mixing energy in the field. However, the effect of 
multiple shaft augers was pronounced in producing a 
quality product and meeting the design criteria for this 
project. Finally for this project the wet mixing with triple 
axle augers were used to install DM columns. The details of 
this project are well documented (Lambrechts et al., 2003).  

Another embankment support project is the use of 
dry mixing for construction of embankment for I-15 project 
in Salt lake city, Utah as discussed in dry mixing case 
histories (see next section). 

 

 
Figure 12: Aerial view of l-95/Route 1 interchange for 
Woodrow Wilson bridge project (Courtesy of D.  
Shiells) 

 
 
Figure 13: Treatment pattern of Woodrow Wilson 
bridge project (Courtesy of D. Yang) 
 
Storage tank foundations 
DM was used to improve the bearing capacity of sandy 
lagoon soils and reduce settlements of three large petroleum 
storage tanks in Honolulu, Hawaii. Deep mixing was 
selected over stone column for this site due to cost 
effectiveness, less vibrations during ground improvement 
work, and potential to serve as a solidification to contain 
the chemical leaks from the tanks (Andromalos et al. 2000). 
DM columns of 1.8 m (6 ft) diameter were used to stabilize 
the soils and field tests conducted on these tanks showed 
that the settlements were reduced by 50 to 70% (Bahner 
and Naguib, 2000). In addition, Broomhead and Jasperse 
(1992) reported a case study where DM columns of 3.6 m 
(12 ft) diameter were used to stabilize reclaimed land in 
Vancouver Island, British Columbia. This stabilized ground 
then supported storage tanks with the objectives to address 
both stabilization and liquefaction criteria. No current data 
was available on the settlement performance of these tanks. 
 
 



   

 

Deep foundation for light rail system 
Approximately 500 columns were specified to be installed 
beneath pile Caps for the San Francisco International 
Airport Light Rail System Project. The columns were 
designed to withstand high working compressive loads as 
well as high tensile and lateral loads during a substantial 
seismic event. The DM system was specified as an 
alternate, due to its performance on previous tests and local 
jobs, and its low sound and vibration output levels. This 
was important, as columns were used in areas where noise 
and vibration would be a problem (i.e. near buildings, or 
near sensitive underground utilities). Columns were 
installed through bay mud with lenses of more competent 
material. Test columns were 0.61 m (2 ft) diameter, 1.27 
cm (0.5 in) wall steel pipe inside 0.76 m (2.5 ft) diameter 
soil-cement columns.  
 

 
Figure 14: Bridge supported by DM, San Francisco 
International Airport (Courtesy of A. Macnab) 
 

The test columns were 21.3 m (70 ft) long and met 
the deflection criteria at a maximum 4449.7 KN test load. 
Production columns were placed in a square grid with 1.83 
m (6 ft) center to center spacing, inside the pile-caps. 
Design soil-cement strength was 1380 kPa (200 psi). Soil-
cement strength was maintained at about 1380 to 2068 kPa 
(200 to 300 psi), verified by testing wet samples from the 
columns. One problem arose during production when 
several test breaks failed to come up to the design strength. 
Production load testing verified the acceptability of the 
columns in question, as column deflections were less than 
3.175 mm (1/8") with a 1335 kN (300-kip) uplift load, and 
less than 6.35 mm (1/4") with 2670 kN (600-kip) 
compressive load. (CJA) 
 
Dome silo foundation  
DM was used to support two, 51.2-m (168 ft) diameter 
cement storage domes in Charleston, South Carolina.  The 
subsurface condition included up to 4.6 m (15.1 ft) of soft, 
organic silty clay overlying a soft to-firm inorganic silty 
clay to 9.7 m (31.8 ft).  At this depth, a firm to very stiff 
sandy clay marl was encountered, extending down to 30.5 
m (100 ft). These soils furnished insufficient bearing 
capacity to support the 383 kPa loads of the storage domes. 
The addition of some fill to the site, as well as the 
subsurface stratigraphy, caused the cost for a piled 

foundation to be very high. A design-build solution using 
DM to support the dome silos was sought to meet the post-
treatment settlement criteria of: 
 

�  a maximum elastic settlement of the fully loaded 
treated soil mass of less than 38 mm (1.5 in), and  

�  long-term maximum total settlement of less than 
76 mm (3 in) at half loading 

 

 
 

 
Figure 15: DM Column Layout for dome structures 
(Courtesy of G. Burke) 
 

The DM was designed as a double ring of 2.4 m (8 ft) 
diameter columns around the tank perimeter to support the 
dome wall and resist seismic shear forces. The internal 
dome load of up to 383 kPa was supported by a grid of 2.4 
m (8 ft) diameter columns covering approximately 70% of 
the dome area.  This served to virtually eliminate the 
settlement on the upper 10.7 m (35.1 ft) of soft, 
compressible soil.  
 
Foundation of parking garage 
A foundation system consisting of 1.83 m (6 ft) and 2.44 m 
(8 ft) diameter DM columns was constructed to support 
spread footings for a five level parking garage in 
Allentown, Pennsylvania (Cavey et al., 2004). The DM 
method was selected over stone columns/aggregate piers 
because it provided a more rigid foundation system, and 
would not create vertical drainage paths in the potentially 
karst terrain. The load on the supported footings varied 
between 890 and 9798 KN (200 and 2,200 kips). The 
design was subject to settlement criteria of 3.16 cm (1.25 
in) total movement and 1.91 cm (0.75 in) differential 
movement. The DM columns were installed through 
medium and stiff clay, bearing on dense sand or weathered 
limestone rock. A total of 120 columns were constructed 



   

 

below the parking structure foundations. Three soilcrete 
columns were core drilled using a 5.0 cm (2 in) diameter 
barrel, with each achieving over 95% recovery. The mean 
twenty-eight day unconfined compressive strengths of the 
cores and wet-grab samples were 6205 kPa (900 psi). 
 
Bridge abutment foundation 
Ground improvement for the Glen Road Intersection project 
in Minnesota was aimed to improve bearing capacity and 
consolidation settlement characteristics of foundation soils 
located below the bridge abutment embankments and 
approach fills. The deep mixing work was to consist of 
90,000 m3 of treated ground as part of a $32M interchange 
reconstruction project; the treatment area was later reduced 
to 25,000 m3 of treated ground through contractor value 
engineering proposals.  
 

 
Figure 16: Bridge abutment foundation (Courtesy of D. 
Dasenbrock) 
 

The site generally consisted of sandy soils with 
mixed bearing properties above rock. Up to 23 meters (75.5 
ft) of soft cohesive soils were present in an area where it 
appears that bedrock was eroded and later in-filled. 
Between 100 mm and 300 mm (4 to 12 in) of total and 
differential settlements were predicted, outside the 
deflection tolerance of 25 mm (1 in). A variety of design 
solutions were considered including pile supported mat 
foundations, surcharges, lightweight fills, and ground 
improvement. Site complications included several utilities, 
two local access frontage roads, and an adjacent active 
railroad corridor. After considerable evaluation, the deep 
mixing solution was determined to be the best design 
alternative (Dasenbrock  2004, 2005). 
  
6.4 Excavation support systems 
Excavation support is the dominant application of the DM 
in North America. It is well-suited for excavation of the 
sites with high ground water table, where depths required 
for excavation exceed the limits of conventional equipment, 
where working space is limited, and where the soils are 
susceptible to collapse. 

 
Central Artery/Tunnel (CA/T) project  
As part of Central Artery project (big dig) an excavation 
between 13.9 m (45.6 ft) and 19.4 m (63.6 ft) deep, 59 to 87 
m (193 to 285 ft) wide, was stabilized by DM walls with 

tiebacks and jet grouting along the construction of a 915 m 
(3000 ft) stretch of Interstate-90, Boston, Massachusetts. 
The DM buttresses were constructed to restrain large lateral 
loads and form permanent foundations for the 5 highway 
tunnels for I-90 and I-93 that converge at the Fort Point 
Channel crossing of Boston’s CA/T project (O’Rourke et 
al. 1997, Lambrechts et al. 1998).The subsoil conditions 
comprised of 6m of granular and cohesive fill, followed by 
1.5 m (5 ft) of organic silt, overlying marine clays of 
variable thickness. The ground water table in the fill was at 
a depth of 2 m (6.56 ft).  

 

 
 

 
Figure 17: Excavation for big dig project (a) Aerial 
view, (b) stabilization of bottom channel  
 

Type II cement was used for the construction of 
the DM with a water/cement ratio of 1.00-1.25. The binder 
quantity generally varied from 210 to 280 kg/m3. Triple 
auger rig, forming continuous columns of 860 mm (2.82 ft) 
diameter was used. The DM buttresses bear on soft glacial 
marine deposits, covering about 38% of the treatment area 
and providing deep stabilization to resist basal heave during 
construction excavation and holding back 18 m (59 ft) of 
lateral earth load along with 15 m (45 ft) of hydrostatic 
pressures during construction. Permanent unbalanced soil 
loads were resisted by the combined buttress action of the 
tunnels and soil-cement mass of the foundation. Data 
monitored during the subsequent periods by inclinometers, 
showed that the soil cement buttresses and the clay moved 
in unison and behaved as a composite with comparable 
levels of deformation and there was a lateral displacement 
of 75 mm (3 in) during the excavation. The primary zone of 
mixing at this site was marine clay which had initial 
unconfined compressive strength of 35 to 100 kPa. Soil 



   

 

cement mixing was used to enhance strengths up to 2068 
kPa (300 psi). Maximum depth of deep mixing was around 
43 m (141 ft.) (O’Rourke et al. 1997; Maswoswe 2001; 
Lambrechts and Nagel 2003; Druss  2003). 
 
Excavation for depressed highway projects 
Depressed highway sections are constructed with the aim to 
minimize interaction between traffic flows approaching 
from various directions in a cross section. For this purpose 
excavation is needed to separate ground level. DM was 
used to retain the soil and allow excavation for depressed 
section of the Lake Parkway highway project in suburban 
Milwaukee, Wisconsin. Most of this section of the freeway 
was depressed below grade in a trench about 9 m (29 ft) 
deep. The subsurface investigations revealed highly layered 
profile of fill, clay, silty and sand underlain by very stiff 
clay till. Ground water was measured at depths 0.6 to 3.7 m 
(2 to 12 ft) along the alignment of the freeway. The 
retaining system was constructed along the freeway 
composed of a 12 to 18 m (39 to 60 ft) DM wall which was 
seated in clay till and low permeability glacial sediments. 
At the ends of the trench, the DM wall was a groundwater 
cutoff and was not exposed. Inclinometers installed at 
various sections of the wall indicate a lateral deflection of 
less than 25 mm and the readings were in agreement with 
the optical survey data (Anderson, 1998; Bahner et al., 
1998).  

Another project is related to construction of 
depressed roadway for the Skyport Drive Grade Separation 
project, San Jose, California. The maximum excavation was 
estimated to be 5.49 to 6.10 m (18 to 20 feet) below grade 
with requirement of ground water control. The soil strata 
consisted of a clay layer underlain by silty to clayey sands 
with thickness ranging from 3.05 to 9.14 m (10 to 30 feet). 
The DM walls were reinforced with H-piles for a total area 
of 7436 square meters (80,000 square feet) of wall. The 
wall served the two fold purpose of excavation support and 
ground water control (Yang 2003). 
 

 
Figure 18: Excavation for ground separation project 
(Courtesy of D. Yang) 
 

Another project is the underpass construction 
project for grade separation between the railroad traffic and 
street traffic to improve the east-west mobility of South 
180th Street in Tukwila, Washington.  The underpass 
structure mainly consisted of a soil-cement seal slab under 

the pavement and concrete secant pile retaining walls.  The 
underpass was about 232 m long, 21.3 m wide, and 7.9 m 
below surface grade at the railroad crossing.  The 
subsurface soils at site consists of 3.4 to 5.2 m of 
heterogeneous fills overlying interbedded layers of fine-
grained and medium-grained alluvial deposits and a 1.5 to 
5.2 m layer of recent flood plain organic deposits.  A total 
of 44,000 m3 of soil-cement were installed using two sets of 
DM equipment. The soil-cement seal slab works as a low 
permeability horizontal barrier to minimize the vertical 
seepage flow to the underpass, which is 4.6 m below the 
groundwater surface at the lowest grade below the railroad 
bridge.  The coefficient of permeability of the soil-cement 
was specified to be 1 x 10-5 cm/sec or lower.  The soil-
cement seal slab also provided the uplift resistance to 
vertical hydraulic pressure acting at the bottom of the seal 
slab. The specified average unconfined compressive 
strengths of soil-cement produced in the organic deposits 
were 240 KPa (35 psi) and 345 KPa (50 psi) at 28-day and 
90-day curing ages, respectively.  The specified average 
unconfined compressive strengths of soil-cement produced 
in the alluvium deposits were 1,035 KPa (150 psi) and 
1,380 KPa (200 psi) at 28-day and 90-day curing ages, 
respectively. 

 
Figure 19: Ground separation using DM (Courtesy of 
D. Yang)  
 
Excavation for vibratory machinery 
An area within an existing manufacturing facility required a 
foundation for massive machinery inducing vibrations and 
possible consolidation settlements in the existing subsoils. 
A DM retaining wall system was constructed to facilitate 
excavation and construction of the 35 m x 13 m x 8 m deep 
foundation structure. The 195 treated soil columns, each 
914 mm (3 ft) in diameter and spaced 686 mm (2.25) center 
to center were installed in rectangular patterns extending to 
a depth of 6 m (20 ft). The details of this project were 
discussed by  Andromalos et al. (2003) 
 
Excavation for building  
Yang (2003) reported several cases studies where DM was 
efficiently used for excavation support and seepage cutoff 
walls. One case history is related to the construction of a six 
storey building with two levels of parking garage that 
required an excavation of 9.75 m (32 ft) below ground 
surface. The site was underlain by 1.83 to 4.27 m (6 to 14 
ft) of silty sand, followed by 7.62 to 10.67 m (25 to 35 ft) 
of clayey to sandy silts. The succeeding strata were also 



   

 

very permeable and posed a serious dewatering challenge. 
A single row DM wall with a triple axis auger was used for 
this project. The DM columns were extended to 33.53 to 
39.01 m (110 to 128 ft), with about 3.05 m (10 ft) key into 
the riverbank formation for excavation support and cutoff 
wall. Additional reinforcement was provided in the form of 
sheet piles, inserted into the wall before the hardening of 
the soil cement.  
 

 
Figure 20: Excavation for a library building (Courtesy 
of D. Yang)  
 
Excavation for cut & cover tunnel 
A cut and cover tunnel to connect a bridge in Danville, 
Pennsylvania required a 6.7 m to 9.4 m (22 to 30 ft) deep 
excavation. The subsoil profile consisted of loose to dense 
layer of silt, sand and gravel. Ground water table was 
determined below the proposed bottom of the underpass.  

 
Figure 21: Excavation for Danville cut & cover tunnel 
project (Courtesy of GeoCon) 
 

DM walls were constructed with a minimum effective 
width of 0.61 m (2 ft) for a total of 372 m (1220 ft) long 
wall. Additional reinforcement for the walls was provided 
in the form of steel beams. The average compressive 
strength of the core samples was about 3.8 MPa. 
Andromalos et al. (2003) reported the details of this project. 
 
Braced excavation  
DM wall of 18.3 m (60 ft) deep was constructed for an 
excavation 11.3 m (37 ft) deep for a site close to the Texas 
Gulf Coast. The area of the excavation was about 99.7 m by 
16.2 m (328 ft by 53 ft). The bottom of the excavation was 
about 11.3 m (37 ft) below the existing ground surface. 
Several restrictions due to an adjoining structure and 
minimizing pumping due to possible groundwater 
contamination limited the scope of the project. The 
excavation area was located in a built-up area and part of 
the excavation boundary was only a few feet away from an 
adjacent facility.  Intolerance of the adjacent facility to 
construction vibration restricted many retaining wall 
construction methods, such as pile driving.  The situation 
was further complicated by another restriction minimizing 
the pumping of contaminated groundwater and excavation 
of contaminated subsoils during construction of the 
retention system.  These environmental concerns led to a 
search for a retaining system that would also serve as a 
groundwater cutoff wall. The reinforced DM system 
provided a structural wall without dewatering and vibration 
during construction.  The top 3 m (10 ft) of the strata was 
medium to dense fine and silty sand followed by very soft 
to firm clay with sand lenses up to the depth of 8 m (26.2 
ft). The deeper layers were alternating clay and sand layers. 
The ground water level was observed to be 2.4 m (8 ft) 
deep. The mix design included 200 kg of Type-I Portland 
cement and 2 kg of M-1 Wyoming Gel injected into 0.76 
m3 (each cubic yard) of soil. The water cement ratio was 1 
to 2. The grout flow rate of 83 to 106 lit/min (1383.3 to 
1766.6 cubic cm/second) was measured and delivered to the 
mixing shafts. The unconfined compressive strength tests 
indicate about a 100% increase in strength between 3 to 7 
and 7 to 28 day curing periods. The DM wall system 
consisted of 344 columns with reinforcing elements.  Two 
levels of bracing struts at depths of 3 and 7.6 m (10 to 25 ft) 
were used for the complete excavation. Each DM column 
was designed to penetrate at least 0.6 m into the relatively 
impervious cohesive soils, which is about 15.2 m (50 ft) 
below ground surface. A wide flange (WF) 24 x 104 steel 
beam was inserted into each DM column.  A vibratory 
hammer was used to vibro-drive the reinforcing beam 
below the bottom of the soilcrete column into the cohesive 
soils to tip at 18.3 m (60 ft) below ground surface. 
Inclinometers were placed at selected locations to monitor 
the movement of the wall throughout the excavation 
process. 
 
Trench excavation for railway tracks  
The purpose of the Alameda Corridor Project was to 
depress the existing railroad tracks that run from Long 
Beach Harbor to downtown Los Angeles. Two sets of 
tracks would be set inside a 18.29 m (60 ft)-wide, open 



   

 

trench. This would serve the dual purpose of relieving 
traffic congestion through city streets, and allowing the 
freight trains a faster route into and out of the harbor. The 
design was based on placing 0.91 m (3 ft) diameter Cast-in-
drilled hole (CIDH piles) in a line, 1.22 m (4 ft) on center, 
to support the excavation and finished trench. The objective 
was to install approximately 6 trench-miles of CIDH 
production work. The DM was used in two ways on this 
project. As the trench invert along the portion of the work 
was below the water table, and a 45.72 cm (18 in) diameter 
secant pile was required in between each CIDH pile in 
order to cut off the flow of groundwater, and maintain a dry 
excavation. The DM was used to install the secant 
piles/columns in locations where it was necessary to drive 
casing to facilitate drilling out and installing the CIDH 
piles. Casing was required as the CIDH piles could not be 
open-hole drilled. Caving soils were a serious problem on 
this project.  
 

 
Figure 22: Excavation for a Alameda Corridor project 
(Courtesy of A. Macnab)  
 

The soil-mixed secants were installed first, then 
the casings were driven in between the secant piles. This 
was successful, but the casing operation was plagued with 
additional costs and quality control problems. The second 
use of the DM was essentially an alternate casing method 
1.37 m (54 in) outside diameter, 0.91 m (3 ft) inside 
diameter DM columns (actually toroids) were now installed 
on 4' (1.22 m)-centers. The columns overlapped 15.24 cm 
(6 in) each to form the continuous ground water cut-off.  
When toroids gained sufficient strength, the centers were 
drilled out to allow for the placement of rebar and concrete 
to form the CIDH piles. This method helped to increase the 
CIDH production and keep the job on schedule (CJA). 
 
Excavation close to an existing building 
The construction of a new facility at Harvard University, 
Cambridge, Massachusetts required a temporary, structural 
cutoff wall.  The tiedback excavation support system had an 
exposed height of 9.5m and a 4.5m embedment.   Ground-
water was 4.5m below the ground surface.  The soils at the 
site were a shallow fill underlain by about 8m of medium 
dense sands and silts and a dense till.  The toe of the wall 
extended approximately 5 m into the glacial till.  The DM 
was constructed 1.2 m off the face of existing buildings 

founded on shallow wall footings.  Along the buildings, the 
w/c ratio and volume ratio of the grout was increased to 
create a more fluid soil-cement. A fluid soil-cement enabled 
the mixing tools to be easily removed without causing 
disturbance to the surrounding ground.  Mixing proceeded 
in a continuous operation along the buildings without 
measurable movements of the structures.  Fifteen linear 
meters of wall was constructed along the buildings in a 
typical shift.  Mixing tools, similar to rock augers, were 
built to be penetrate the glacial till. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23:  Knafel Center Excavation Support System 
(Courtesy of D. Weatherby) 
 
Excavation in soft clay 
The Baby Creek Pilot CSO Control Facility, Detroit, 
Michigan required the construction of a 9.1m deep 
excavation.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: Baby Creek CSO deep mixing ground 
improvement (Provided by D. Weatherby) 
 
The excavation extended through an existing fill and a 
desiccated clay crust.  A deep soft clay layer was present at 
the bottom of the excavation.  The undrained shear strength 
of the soft clay was estimated to be 19 kPa at the bottom of 
the excavation.  It increased to approximately 45 kPa 15m 
below the bottom of the excavation.  Dense to very dense 



   

 

glacial till underlay the soft clay and limestone bedrock 
underlay the till.  Flat slopes, 4H:1V, would have be 
necessary in order to achieve a reasonable factor of safety 
against deep seated failure.  It was not practical to construct 
these slopes.  Wet method, deep mixing was selected to 
construct soil-cement buttress panels on 3.65m centers.  
The layout, shown in the figure, was based on a 35 percent 
replacement ratio and an unconfined compressive strength 
of the soil-cement of 1.0 MPa.  Approximately 46,000 m3 
of ground was improved.  The average increase in strength 
provided a factor of safety against slope failure of 1.5.  The 
soil cement allowed excavation of 1H:1V cut slope.  The 
work was completed in 2004.  
 
6.5 Seismic Strengthening Systems  
 
Seismic retrofit of dam foundation  
Deep mixing was chosen as an effective alternative for the 
rehabilitation of Jackson Lake Dam, Wyoming. The initial 
construction was an uncompacted hydraulic fill without a 
core or an underlying cutoff wall. The foundation consisted 
of alluvial deposits overlying low plasticity silts occurring 
at depths of 15.24 to 30.48 m (50 to 100 ft) (Ryan et al. 
1989). Overlying these zones was a loose combination of 
gravel and sands with occasional clay and silts. The U.S. 
Bureau of Reclamation determined that the dam and its 
foundation were highly susceptible to liquefaction and the 
foundation of the dam needs to be strengthened. To control 
liquefaction in case of an earthquake of a magnitude of up 
to 6 on the Richter scale, a series of soilcrete cells (cellular 
pattern) were constructed using DM on the upstream and 
downstream side of the dam extending from 6 m (20 ft) 
outside of the embankment toe to 9 m (30 ft) inside the 
embankment toes. The length of the treatment zone was 
about 580 m (1900 ft) for the soil improvement work and 
1200 m (4000 ft) for the cut-off wall. Based on the 
preliminary soil investigations, a mix design with water 
cement ratio of 1.25 to 1 was chosen by weight. To current 
date, the Jackson Lake dam has performed as designed 
without any major distress. 
 

Figure 25: DM applied for liquefaction mitigation of 
dam  
 
Alleviation of lateral spreading 
Mechanically stabilized earth (MSE) retaining walls, with a 
height of 6 m (20 ft), was incorporated into the 
embankment at the overcrossing for Oakland airport project 

in California. A block-type treatment of overlapping DM 
elements was used to improve the foundation soils around 
the perimeter of the embankment to limit lateral spreading 
during seismic loading conditions. The existing ground 
surface at the site is underlain by about 3 to 4.5 m (10 to 15 
ft) of sand fill.  Below the water table, the sandy fill is loose 
and subject to liquefaction under strong earthquake shaking 
that could occur at the site. The sand fill is generally 
underlain by a relatively thin layer (less than 1 m (3 ft) 
thick) of soft bay mud and loose native sand. These 
materials are in turn underlain by competent medium dense 
clayey sands and stiff to very stiff silty or sandy clays. The 
DM soil improvement scheme was designed to limit the 
permanent lateral deformation of the embankment to about 
150 mm (6 in) during a  design earthquake with a 
probability of exceedance of 20 percent in 50 years. 
Permanent ground deformations were evaluated using 
pseudo-static stability methods and Newmark-type 
displacement analyses incorporating peak horizontal 
horizontal ground. The DM soil improvement extends from 
the existing ground surface through the fill and bay mud 
down to elevation -3 m   in   the underlying competent 
soils.   For an embankment height of l.5 to 3 m (5 to 10 ft), 
a minimum DM width of 2.3 m was recommended to meet 
the previously discussed performance requirements. For an 
embankment height greater than 3 m (10 ft), a minimum 
width of 3 m   was   recommended. The DM soil 
improvement extends from the existing ground surface 
through the fill and bay mud down to elevation -3 m in the 
underlying competent soils.  For an embankment height of 
l.5 to 3m, a minimum DM width of 2.3 m was 
recommended to meet the previously discussed 
performance requirements. For an embankment height 
greater than 3 m, a minimum width of 3 m   was   used 
(Yang et al., 2004)  
 

 
Figure 26: DM applied for lateral spreading (Courtesy 
of L. Scheibel)  
 
Liquefaction mitigation  of culvert  foundation 
The cellular soil cement wall structure using dry soil 
mixing was aimed to reduce liquefaction and support the 
foundation of a large reinforced concrete culvert structure 
in Colma Creek, as part of the expansion of the San 
Francisco Bay Area Rapid Transit (BART) system in 



   

 

California (Martin et al. 1999). The details of this project 
are discussed in the dry mix section (see next section). 
 
Strengthening around an excavation 
A cellular DM wall was constructed along the perimeter of 
an excavation under a heavily loaded zone of an existing 
Coker unit plant in St. Croix, US Virgin Islands with 
varying treatment area ratio ranging from 40 to 90%.  

 

 
Figure 27:  DM for multi-purpose use, including 
liquefaction reduction (Courtesy of  D. Yang). 
 

The subsoils primarily consisted of hydraulic fill, 
marine deposits and lime stone. SPT-N varied from 3 to 8 
and fine contents ranging between 5 to 40% with a very low 
factor of safety against liquefaction. 70,000 cubic yards of 
soil cement was produced using a triple axis auger and was 
extended to bear on the layer of stiff clay and weathered 
lime stone (Yang et al. 2003). The DM solution was unique 
in that it provided support to the deep excavation without 
the use of reinforcement, sheet piling or anchors; it 
provided support to the heavy structural loads eliminating 
the need for piling; it provided stability against 
liquefaction; and it eliminated the need for a de-watering 
system for the excavation. 
 
Seismic stabilization of dune deposits 
The site of California State University's new 4645 m2 
marine research facility, just north of Monterey, California 
is situated on 12.2 m (40 ft) high dune deposits overlooking 
Moss Landing and the Pacific Ocean to the west, with a 
small lagoon separating the site from lower barrier beach 
dunes.  Soil conditions in treated zones consisted of very 
loose to dense mixed layers of clean medium to fine 
Monterey sands and midden sands (laden with artifacts), 
generally classified as sands or silty sands. Minor portions 
of clay were observed in some of the materials towards the 
southern boundary of the site. The groundwater table was 
situated below treatment elevations, approximately 9.1 m 
(30 ft) below the main building elevation, and 
approximately 6.1 m (20 ft) below the partial basement 
elevation.  Soil conditions below groundwater elevations 
were predominantly silty and clayey, with some limited 
zones of silty sands. A DM column system was designed to 
provide foundation support of the two-story terraced facility 

and seismic stability of the dune formation. Calculations 
indicated the site could experience peak ground 
acceleration of 0.44 g with potential slope movements of 
18.8 to 29.2 mm.  More importantly, the factors of safety 
against slope failure were just above 1.0 and the soils 
therefore required some strengthening to increase the safety 
of the slopes. Seismic analyses included liquefaction using 
Seed and Idriss methods, slope stability using moment 
equilibrium methods and slope displacement using 
Newmark-type methods. Mitigation of liquefaction effects 
in saturated silty sands was provided by cushioning of the 
overlying slope, enhanced by slope reinforcement from 
deep mixing. A rig was fitted with a 1.1-m diameter mixing 
tool, specially designed to blend the soil in situ while 
injecting an engineered cement slurry mixture during 
penetration, creating a continuous row of soil mix columns 
spaced 1.2 to 2.4 m (4 to 8 ft) apart, to an average depth of 
4.8 m (16 ft). Installation of columns with spacing closer 
than 2.4 m (8 ft) was performed in an alternating sequence, 
to maintain slope stability during mixing by allowing some 
curing to occur before mixing adjacent columns. 
Specifications for DM columns required a minimum 1397 
kPa unconfined compressive strength at 28 days. Column 
installation in a straight sequence allowed earlier access by 
the general contractor to initial treatment areas. Some 
footing locations were excavated within the upper 1.5 m (5 
ft) of the soil mix columns, providing a view of the 
exhumed column tops. Spoils during mixing operations 
were minimal and incorporated into the fill materials by 
rolling after initial curing. Exhumed column tops that had 
hardened were crushed and used as backfill around the 
basement walls (Burke et al. 2001). 
 
Seismic reinforcing of a dam   
The Upper and Lower Diversion Dams of Hartwell Lake in 
Clemson, South Carolina were constructed in 1960 and 
1961.  Recent concerns about liquefaction of loose alluvial 
foundation soils lead to the construction of soil-cement 
shear walls beneath the downstream berm of each dam.  
The shear walls are intended to reinforce the foundation 
soils against failure during the design seismic event.  The 
design consisted of shear walls perpendicular to the axis of 
the dam, a longitudinal wall parallel to the dam’s axis and a 
drain behind the longitudinal wall.  Multiple shaft mixing 
tools were used for the construction of the wet method, soil-
cement elements.  The shear walls were to be taken a 
minimum of 1.2 m into the sand and gravel layer or 0.6 m 
into weathered bedrock. The longitudinal wall was 
constructed along the upstream end of the shear walls.  The 
longitudinal wall was intended to penetrate a drainage layer 
and cutoff the flow of water through the downstream berm. 
A drain constructed upstream of the longitudinal wall 
intercepted the water in the drainage layer and discharged it 
downstream.  The average compressive strength of the 
elements was specified to be 2.75 MPa.  Shear walls 
extended approximately 491m along the Upper Dam and 
483 m along the Lower Dam.  The walls had a maximum 
depth of 11.5m.  About 14,610 m2 of walls were in the 
Corps of Engineers design.  The work was performed 
during 2004 and 2005. 



   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28:  Deep Mixing for dam reinforcement 
(Provided by D. Weatherby) 
 
Liquefaction mitigation of river bank  
The investigation for Napa Yacht Club Project in California 
revealed that a sandy soil layer underlying the levee fill 
along approximately 222 m (730 ft) of waterfront property 
was susceptible to liquefaction during an earthquake. DM 
was proposed and designed in order to stabilize the soil 
along this portion of the lagoon.  
 

 
Figure 29: DM for levee reinforcement (Courtesy of A. 
Macnab)  
 
The intent of the DM was to create a 10.7 m (35 ft) deep, 
1.8 m (6 ft) wide strip of stabilized soil with the dual 
purpose of resisting a slip failure of the weaker material 
into the lagoon, and creating a foundation for a flexible 
retaining wall system along the top of the bank. The 
Engineer specified minimum 483 kPa (70 psi) unconfined 
compressive strength based on 28 day curing of soil-cement 
columns to achieve these goals. Soil-cement was sampled 
wet from the spoils. The DM columns installed were 0.6 m 
(2 ft) diameter by 10.7 m (35 ft) long. They were installed 

in three staggered rows with column centers every 1.2 m (4 
ft). Average unconfined compressive strength of the soil-
cement material was found to be approximately 1861 kPa 
(270 psi). Production rates averaged 457 m (1,500 lineal 
feet) per shift, with peak production reaching 1067 m 
(3,500 lineal feet) per shift. The project was completed on 
schedule in approximately two weeks (CJA). 
 
6.6 Environmental remediation systems  
Chemical alteration of the properties of the constituent 
contaminants is regarded as the stabilization for 
environmental work. Often, a proprietary chemical is added 
to the binder (cement, lime) or bentonite so that the 
chemical can be distributed throughout the zone to be 
treated.  Single or multiple-axis equipment is used to 
distribute the reagent slurry. Here are several case 
examples. 
 
TCE Remediation  
A pilot-scale permeable reactive barrier (PRB) system was 
installed in 1999 to remediate the heavily contaminated 
subsurface at Cape Canaveral Air Force Station Launch 
Complex 34. This site was used for Saturn rocket launches 
between 1959 and 1968. Cape Canaveral Air Force Station 
is located on an island on the eastern coast of central 
Florida, bordered by the Atlantic Ocean on the east and the 
Banana River on the west. The soil immediately below the 
surface consisted of medium to fine sands with some shell 
and silt. The soil was primarily sandy with shell fragments 
and traces of silts to depths up to 9.14 m (30 ft). Below 9.14 
m (30 ft), the soil was stratified with layers of clay and fine 
sands. Beyond a depth of 30.4 m (100 ft), limestone 
fragments ranging from 20-50% were found within the clay 
and sandy soils. Ground-water level was 0.91- 2.13 m (3 to 
7 ft) below the surface. Major ground-water contaminants 
of concern were trichloroethylene (TCE) (0.005-29 mg/L) 
and daughter products of biological degradation of TCE: 
trans-dichloroethylene (0.25 to 0.8 mg/L) and cis-
dichloroethylene (14-44 mg/L). The PRB system consisted 
of a series of 11 overlapping columns (each about 1.22 m (4 
ft)) in diameter that contained a mixture of Fe0 (16% by 
weight), native soil (79% by weight), and gravel (5% by 
weight). The total barrier length was about 12.19 m (40 ft). 
The PRB was installed to a depth of about 12.19 m (40 ft) 
below ground, ending just above an impermeable clay 
stratum, and was keyed into a clay layer that was about 
12.19 m (40 ft) below ground. Use of the DM presented 
some construction challenges related to iron placement, 
since this was the first application of the technique. These 
were solved in field. Monitoring data suggest that removal 
of the chlorinated solvents challenging the wall has been 
successfully occurring. TCE and its daughter products are 
at non-detectable levels within the wall and are declining in 
downstream wells, with the exception of vinyl chloride. 
Sufficient mixing during PRB construction is recommended 
to provide sufficient iron throughout the treatment barrier 
capable of complete destruction of TCE and all daughter 
products. 
 
 



   

 

PCB Stabilization 
In situ mixing methods have been used for stabilizing and 
containing contaminated soils and sludge. DM columns of 4 
to 15 m (13 to 49.2 ft) were used to stabilize and contain a 
PCB contaminated site in Florida and a large oily sludge 
lagoon in Illinois. A proprietary cement stabilizer was used 
in the in situ treatments. This study reported that the PCB 
was well contained within the site without any leaching. 
See Jasperse and Ryan (1992) for details.  
 
Hydrocarbon contamination 
DM along with jet grouting was used to contain 
hydrocarbon contamination at a site in Pittsburgh, 
Pennsylvania. Soil columns of 2.44 m (8 ft) diameter were 
installed in a grid pattern with cement dosages of 15 to 
20%. Walker (1992) reported the details of the project. 
 
Stabilization of Lagoon sludge 
The DM method was used to contain large lagoon 
containing sludges from water treatment plants in Chicago, 
Illinois. Cement treatment of 15 to 20% was used in this 
mixing process. Jasperse and Ryan (1992) noted that DM 
was cost-effective compared to incineration and offsite 
transport and disposal. 
 
Stabilization of steel factory disposal pond 
DM was used to stabilize a steel facility disposal pond. Mix 
designs were performed using cement/cement kiln dust and 
cement – bentonite mixtures. A total of 704 columns were 
installed using cement – bentonite mixes. Quality control 
tests conducted on wet samples retrieved from soil columns 
met permeability and strength requirements. Andromalos et 
al. (1998) presented the details. 
 
Leachate control for sediment pond  
DM was used to contain leachate from sediment ponds of a 
chemical plant located in Houston, Texas. The design 
requirement at the site was a permeability of 1 × 10-7 cm/s. 
This was achieved by mixing bentonite slurry with the local 
soil at 6% ratio by weight.  Further details about this project 
are provided by Day & Ryan (1992). 
 
Remediation of site contaminated with heavy 
metals 
This project was the final phase of a full-scale in situ 
solidification/stabilization at a San Francisco Bay Area 
industrial site.  The site was originally used for the 
manufacturing of arsenical pesticides from the 1920's to 
1960's.  This industrial project utilized an in situ soil 
remediation technique for the stabilization of arsenic 
contaminated soils to levels below federal hazardous waste 
criteria.   DM using a multiple-axle mixing rig treated soils 
to a maximum cell depth of 32 feet. The soil treatment cells 
were laid out in 40 by 40 foot square cells, with the depth 
of treatment in each cell determined by pre-treatment soil 
sampling. Over 17,400 yd3 of soil remediation and 
stabilization was completed over a period of three months 
from November 2002 to January 2003. The goal of the 
project was to remediate soil contaminated with heavy 
metals so that the leachable levels of the metals were below 

federal hazardous waste characteristics, to prevent the 
continued leaching of soil contamination by groundwater, 
and help prevent the ground-water plume from migrating 
into off-site areas. Level C protective equipment including 
a Respiratory Protection Program was required at the 
beginning of the project.  The DM injected and mixed two 
reagents, used ferrous sulfate and Type V Portland Cement 
to remediate the contaminated soil.  Five mixing patterns 
were used to adhere to site geometry and to reduce over-
injecting the treatment areas.  The average variance from 
the specified quantities was + 1.1% for ferrous sulfate and 
+ 0.8% for cement usage.   The total as-built amount 
improved by DM was 19,086 cubic yards.   

 
Figure 30: Scheme of site treatment for remediation of 
heavy metals (Courtesy of D. Yang) 
 
7 TYPICAL APPLICATIONS OF DRY MIXING 
Dry mixing has had limited applications in North American 
practice.  Typical cases are presented here. 
 
Widening of highway embankment 
DM was used for to limit settlements and avoid bearing 
capacity failure during the construction of a 15 m (49 ft) 
high embankment on medium to stiff Bonneville soils as 
part of the widening of the I-15 in Salt Lake City, Utah. 
The embankment was constructed immediately adjacent to 
an existing interstate and on a 20 to 25 m thick weak, 
Pleistocene clay, silt and sand. Cement stabilization was 
used in combinations of 85% of cement and 15% quicklime 
extended to a depth of about 20 m (120 ft) using 125 kg/m3 
of grout. The strength of the stabilized columns increased 
by about 15 times and the average soil modulus back 
calculated from the settlement data, increased by a similar 
amount. Settlements of about 6 cm were observed to occur 
within the treated zone. Maximum lateral displacement of 
about 4 cm occurred within the 20 m (65 ft) stabilized zone. 
Further details are provided by Esrig et al  2003 & 2004. 
 
Liquefaction mitigation  of culvert  foundation  
The cellular soil cement wall structure using dry soil 
mixing was aimed to reduce liquefaction and support the 
foundation of a large reinforced concrete culvert structure 
in Colma Creek, as part of the expansion of the San 
Francisco Bay Area Rapid Transit (BART) system in 
California (Martin et al. 1999). The soil strata under the 
proposed culvert is primarily comprised of loose to medium 
dense sands, silty sands and sandy silts (highly susceptible 
to liquefaction), clayey sands  and silts and soft to medium 
organic clays. DM columns of 800 mm in diameter were 
installed using dry mix equipment rigs to a maximum depth 



   

 

of 25 m (82 ft). The mixing was undertaken with a speed of 
125 rpm with a rate of 20 mm/revolution. The grout was 
injected at the rate of 125 kg/m3. Walls were constructed in 
an overlapping pattern. Quality assurance of laboratory 
treated soil columns consistently yielded lower strength 
than desired or believed to be reasonable. However 
pressuremeter tests were performed on treated columns by 
cutting a 75 mm diameter vertical hole in the center of the 
column and the pressuremeter inserted and expanded at 
regular depths. The in situ strength and modulus estimated 
from standard limit pressure analysis and inverse model 
analysis indicated significant confidence in the strength 
gain in the columns. 
 
Foundation of MSE wall 
Lime-cement columns were used to support a mechanically 
stabilized earth (MSE) wall located along the west bound I-
80 (Esrig et al 2001). The wall height ranges from 10 to 
12.5 m. The top 12 m depth of subsurface strata included 
relatively uniform Bonneville clay (OCR below 3) with 
intermittent sand layers. This layer is followed by a 2 m 
thick medium to dense sand stratum overlying a 10 m thick 
sand and clay layers with silty zones. Ground water table at 
this location is observed at an elevation of about 3 m below 
grade. Based on the results of preliminary laboratory 
investigations, a mixture of 85% cement and 15% lime at 
125 kg/m3 was chosen. The MSE wall was supported on 
panels of overlapping 800 mm columns approximately 22m 
long for the full width of the wall. The performance was 
monitored and inclinometer readings with time show a 
maximum settlement of 100 mm after a period of 5 months 
while the estimated settlement was 200 to 300 mm.  
 
Stabilization of organic deposit for tunnels & open cuts  
This project involved constructions in portions of tunnels 
and open cuts for the BART extension to San Francisco 
Airport, constructed over and within the soft organic clay 
deposit locally known as Young bay mud. Stabilization of 
this weak material was required to ensure the stability of 
retaining structures and avoid settlements. Laboratory 
investigations revealed subsurface conditions comprising of 
a highly variable stratum with water contents about 150% 
and liquid limit varying from 60 to 105%. Organic contents 
of the bay mud varied from 6 to 10% and pH values from 
about 7.8 to 8.6. DM with cement as binder was used to 
install 800 mm diameter columns and using 125 kg/m3 
cement. Pressuremeter tests were performed by preboring 
operations and quality assessment of the treated soil 
columns was monitored. Esrig et al. (2004) presented the 
details. 
 
8 BARRIERS AND RESEARCH NEEDS 
In a survey by the NDM research program the practitioners 
and researchers were solicited for their views on barriers 
and their recommendations for broader application of deep 
mixing for infrastructure development. The 38 participants 
had diverse background as users, designers, and contractors 
from government, academia, and industry. The results are 
presented here in terms of “barriers for implementation” 
and “research needs”. The percentage of the responses may 

exceed 100%, when the respondents had more than one 
choice. 
 
Barriers for implementation 

�  Insufficient User Familiarity/Comfort 
�  Engineering Needs 
�  Market Factors 
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Figure 31: Barriers for implementation 
 
Insufficient User Familiarity/Comfort 
a)  Lack of Familiarity by CE (Civil Engineering) Practice 
b)  Lack of Reported Case Histories 
c)  Resistance to New Technologies 
d)  Lack of Formal Education 
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Figure 32: Insufficient user familiarity/comfort  
 
Engineering Needs 
a)  Lack of Tools: Design & Analysis 
b)  Lack of Tools: QA/QC & Mix Uniformity 
c)  Lack of Guidelines / Codes / Standards 
Lack of Tools: Mix Design Properties 



   

 

e)  Environmental Concerns 
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Figure 33: Engineering needs 
 
Market Factors 
a)  Cost Relative to Other Methods 
b)  Immature Market  
c)  Non-Standard Performance of Methods/Equipment 
d)  Mobilization Cost & Equip. Availability 
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Figure 34: Market factors  
 
Research needs 

�  Quality Assessment (QA/QC) 
�  Properties of Stabilized Soil 
�  Analysis & Design Issues 
�  Specifications 
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Figure 35: Research needs 
 
Quality Assessment (QA/QC) 
a)  Improved QA/QC Testing Tools 
b)  Improved Standards / Guidelines 
c)  Early Indicators of Quality 
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Figure 36: Quality assessment (QA/QC)  
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Figure 37: Properties of stabilized Soil  
 
 
 
Properties of Stabilized Soil 
Basic Stress-Strain-Stiffness Behavior 
b)  General Design Guidelines for Props. 
c)  Long-Term Strength 
d)  Durability & Freeze/Thaw, Problematic Soils 
(organic, contaminated,  expansive/collapsible) 
f)  Effects of Admixtures 
g) Reduced Environmental Impacts 
h) Miscellaneous 
 
Analysis & Design Issues 
a)  Better Simple Design Guidelines 
b)  Incorporating Heterogeneity & Uncertainty into Design 
c)  Seismic Performance 
d)  Large Scale Validation Testing 
e)  Improved Analysis & Modeling Tools 
f)  Interaction Issues 
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Figure 38: Analysis & design issues  
 
Specifications 
a)  Mixing Mechanics & Specification 
b)  Construction Specification / Inspection 
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Figure 39: Specifications  
 
 
 
 
 



   

 

9 MARKET SHARES, TRENDS AND FUTURE 
EXPECTATIONS 
Comparing the current market volume of the DM as a 
percentage of yearly volume of huge infrastructure 
construction in the US, it is clear that currently DM 
technology appears to be underutilized compared to other 
developed nations. Growth of the deep mixing market in 
North American public work is limited by concerns that the 
industry cannot reliably satisfy stated quality objectives or 
perceived expectations.  

Five factors that have combined to restrain the use of 
deep mixing for ground improvement are:   
 

�  lack of widespread knowledge on deep mixing,  
�  lack of accepted design and QA/QC methodology,  
�  lack of competition and perceived elevation of 

cost,  
�  difficulty in QA/QC of the deep mixing 

particularly when soil-cement is found not to meet 
minimum requirements, and  

�  relatively few projects on which the cost of 
mobilization of the heavy deep mixing equipment 
can be effectively amortized.   

 
Public-owners who have had favorable experiences 

with deep mixing are more likely to use deep mixing again.  
CALTRANS is an example of an agency making such 
return application.  In addition, some private owners have 
accepted the use of deep mixing.  

On state and federally funded highway projects, there 
has been perception that when there are only two deep 
mixing contractors bidding on a project, the costs will be 
unreasonably elevated.  Therefore, alternate methods, such 
as pile supported embankments, are being more favorably 
pursued by some highway agencies.  This substantial 
impediment to the wider application of deep mixing can be 
rectified by allowing alternative deep mixing design 
proposals to such projects.   

The adoption of the NDM design guidelines currently 
being completed will provide the basis needed for judging 
alternative methods, and will provide a more level basis for 
alternative designs and cost comparisons.  The QA/QC 
issue should also be given more direct resolution with the 
adoption of the NDM design guidelines.  With a uniform 
set of both design methods and implementation (QA/QC) 
standards, the lack of competition in the numbers of deep 
mixing contractors should be alleviated, particularly when 
deep mixing is compared to other construction methods that 
can do the same task. 

Another drawback for greater use of deep mixing in 
recent years has been the lack of new major highway 
projects in the U.S. due to the year and half delay in re-
authorization of transportation funding.  Later in 2005, 
however, this should be resolved and new projects to 
commence.  With new NDM design guides and renewed 
transportation planning and design commencement, there 
should be new opportunities for all forms of ground 
improvement, including deep soil mixing.   

In the other use areas, the opportunities for deep 
mixing for environmental contamination remediation and 

in-situ stabilization appear good.  This is in particular 
regard to applications for brownfield site redevelopments. 
DM is a viable alternative for stabilization and 
solidification of contaminated soils when the contamination 
extends to depths greater than 6 m.  Excavation and 
removal or excavation-treat-replace is usually less 
expensive for shallower deposits.  High groundwater levels 
or a confined aquifer make soil mixing feasible for sites 
with shallow contaminated deposits.  When using deep 
mixing for stabilization and solidification of contaminated 
soils, the US Environmental Protection Administration 
normally specifies a minimum soil-cement strength, 
minimum permeability, and requires that the soil-cement 
pass a leaching test. 

Furthermore, there appears to be growing interest for 
use of deep mixing as excavation support walls. DM is 
well-suited for excavation of the sites with high ground 
water table, where depths required for excavation exceed 
the limits of conventional equipment, where working space 
is limited, and where the soils are susceptible to collapse. 
Even in cases where no ground water exists, the use of DM 
for installation of discrete soldier piles in soldier pile and 
lagging systems utilizing single axis equipment has been 
found to be more economical than traditional methods in 
many cases. Excavation support projects are excellent 
opportunities to visually inspect the quality of the mixing.  
Walls constructed using wet method techniques seldom 
require patching or repair and the quality of the exposed 
soil-cement is excellent.  However, soil-cement on 
excavation support systems has to be protected on projects 
where the winters are severe.  Insulating, covering, or 
shotcreting the exposed face has protected the wall during 
the winter.  Improving the freeze-thaw resistance of the 
soil-cement would reduce the cost of the work and 
encourage the use of deep mixed walls in cold climates.  

Dry mix methods have seen limited use in North 
America after the completion of the major work for 
Interstate Highway, I-15, around Salt Lake City, Utah.  Dry 
mix methods were tested as part of the Woodrow Wilson 
Bridge/US 1 project, However, the Virginia Department of 
Transportation selected wet mix methods for the project.  
 
10 CONCLUSIONS 
North American practice of deep mixing embraces two 
distinct features of “diversity in applications” and 
“innovative design”. Along these lines this regional report 
presents the representative case examples for six prime 
application categories of deep mixing practiced in North 
America. Some of these projects are presented here for the 
first time. The application categories include the use of DM 
as the hydraulic barrier systems, retaining wall systems, 
foundation support systems, excavation support systems, 
seismic strengthening systems, and environmental 
remediation systems. Engineering guide documents 
produced by various organizations involved with deep 
mixing are presented to include NDM, SOA reports, 
USACE, USEPA, FHWA, PCA, and WTC. 

Despite being huge, the US market tends to be 
tough for adoption of a new technology due to a variety of 
reasons, including: availability of various alternate 



   

 

technologies, large geographical size with many regional 
specialty geotechnical contractors, a risk averse engineering 
and construction profession, contracting method, and lack 
of centralized decision making (good or bad !?) in 
comparison with other countries. 

Because the deep mixing industry is still in its 
early stages and acceptance has been gradually increasing, 
there is still much debate over how the technology is 
implemented. With the availability of appropriate 
equipment, deep mixing has become a viable method in the 
American construction market. North American practice 
often requires the penetration of dense coarse-grained soils 
and stiff to hard fine-grained soils.  Mixing tools have been 
adapted to enable these soils to be cut. 

As verification methods for deep mixing work 
improve and more realistic expectations are established, the 
amount of deep mixing work is expected to grow.  The 
hope is that the products of the NDM guide documents and 
its outreach program will enhance the users’ confidence in 
taking full advantage of the capabilities of the technology.  
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APPENDIX: Soil deposits in the US 
Three types of soil deposits in the US include weakly 
developed soils, well-developed soils, and soils with special 
characteristics (refer to Figure A1) are presented here: 
 
(a) Weakly-Developed Soils  
Entisols: Mostly on young alluvium in the West where 
climate is dry and chemical weathering is slow. The large 
area in Nebraska is the Sand Hills, former Pleistocene sand 
dunes. Some in the East on very young deposits.  

Aridisols:  drier parts of the West  
 
Inceptisols : Mostly on mountain slopes where weathering 
and erosion are about equal. Some on young glacial 
deposits. Imply somewhat wetter climate than entisols.  
 
(b) Well-Developed Soils  
Mollisols: Mostly in the Midwest and West in grasslands, 
often on wind-blown deposits (loess).  
 
Alfisols: Mostly in the Midwest and East in deciduous 
forest areas. Some in the West at higher elevations in 
deciduous forest areas.  
 
Spodosols: Coniferous forest areas in northern Wisconsin, 
Michigan, New York and New England. Also high 
mountains in the Northwest with conifer forests.  
 
Ultisols: In the Southeast where warm climates and stable 
conditions allow extremely long times for soil 
development. A few areas in the far West. Note in the 
Oregon Cascades how ultisols occur at low elevations but 
mollisols at higher, cooler elevations. Still higher, alfisols 
occur. The final stage of soil evolution, oxisols, do not 
occur in the continental U.S. but do occur in Hawaii and 
Puerto Rico.  
 
(c) Soils with Special Characteristics  
Vertisols: Occur mostly in flood plains in clay deposits, and 
along outcrop belts of certain shales where the right clay 
minerals occur.  
 
Andisols: Form on volcanic deposits in the Northwest.  
 
Histosols: Cold-climate peat bogs in Minnesota and 
northern Michigan, coastal swamps in the Southeast.  
 
Gelisols: Abundant in Alaska, not found in the continental 
U.S. except perhaps in a few very high mountain areas.  



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1: Distribution of soil deposits in the US 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A2:  Distribution  of  major deep mixing projects 
in the US (Courtesy of D. Weatherby) 
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ABSTRACT :  This paper describes the technical challenges of employing wet mixing methods in the US.  The DMM 
industries in Japan and Scandinavia are substantially more evolved than in the US. Common difficulties which face DMM 
contractors in the US are described.  There exist significant commercial and market factors in the US which inhibit the 
proliferation of DMM.  Insufficient understanding of the DMM installation process, applicable design approaches, and 
evaluation of the product tend to contribute to difficulties encountered. 
 

1  INTRODUCTION 
 
The Deep Mixing Method (DMM) remains an emerging 
technology in the US.  There still exist widespread 
unfamiliarity and misconceptions about the process.  
Reasons for limited acceptance of DMM in the US are 
addressed by DiMillio (2002) and are discussed in greater 
detail below.  Bruce (1999) performed a detailed study of the 
primarily non-techinical barriers to growth of DMM market 
in the US, some of which remain today. When the lack of 
sufficient understanding is reflected in the contract 
documents, particularly in the case of competitively bid 
contracts, many difficulties can arise including a great 
perceived risk by bidders, production of specifications which 
are not representative of the intent of the designers, 
construction disputes, negative financial impacts, and other 
related problems. In addition there still exists commercial 
and market barriers to the proliferation of DMM in the US.   
Bruce (1999) performed a detailed study of the primarily 
commercial barriers to growth of DMM market in the US, 
some of which continue to remain. 

This paper is authored by an engineer who has 
significant experience in designing, specifying, and 
evaluating DMM projects and one of the most prominent 
DMM specialty contractors in the US.  Concepts from the 
entire scope of the practice are encompassed herein.  

The first part of the paper presents a discussion of 
typical problems encountered by DMM contractors in the 
US.  In the following section, market and commercial factors 
which influence the growth of DMM in the US are 
discussed. The third section addresses design issues which 
challenge owners and engineers when undertaking a DMM 
project, and which directly or indirectly relate to the 
difficulties described in the first section.  The concluding 
section presents descriptions of recently completed projects 
which exemplify the issues addressed in the paper. 
 
2  DIFFICULTIES ENCOUNTERED IN DMM 
PROJECTS IN THE US 
 
2.1 General 
Many engineers remain unfamiliar with design practices 
which are associated with deep mixing methods.  The design 

process, for DMM shear elements and other quasi-structural 
configurations in particular, differs considerably from most 
geotechnical/structural earth support systems.  As opposed 
incorporating  structural elements whose engineering 
properties which are fabricated or constructed to precise 
specifications, such as ground anchors, concrete diaphragm 
walls, and geotextile soil reinforcement, the engineering 
properties of the soil-cement product are highly dependent 
upon the type of mixing equipment and corresponding 
installation parameters.   
        Moreover, the commonly heterogeneous nature of the 
DMM product makes measurement and confirmation of 
engineering properties more complex than accustomed; and 
careful attention must be afforded to specifying quality 
control and acceptance methods.   Soil-cement has neither 
the characteristics of natural soil nor concrete.  In contrast to 
concrete, soil-cement has considerable variability in 
compressive strength and other engineering properties.  In 
contrast to  natural soils where there exist reasonably 
consistent properties within a specific geologic stratum, there 
is  a random and often wide distribution of engineering 
properties in a single soil cement element and among 
adjacent elements.   
       The consequence of the interrelationship of design and 
installation methods is that technical continuity must be 
maintained throughout the design proper, specification 
preparation, quality control, and verification of DMM 
ground support. Additionally, continuity in engineering 
management of the design, construction, and testing phases 
must be maintained as well. As stated previously, the 
engineer must have a thorough understanding of DMM 
technology.  Difficulties arise in projects, as described 
below, when the contract documents do not accurately reflect 
intent or expectations of the designer. 
         What can be characterized as either the cause or the 
result of the unfamiliarity of DMM technology is the paucity 
of contractors which perform deep mixing in the US.  The 
market remains very small.  Market factors relating to deep 
mixing methods are also described in following sections. 
         The following are descriptions of the difficulties which 
have been experienced by the authors The identification of 
projects and the participating entities are withheld. 
 



2.2  Management Induced Difficulty 
DMM for ground treatment is usually is selected as an 
alternative to resolve some geotechnical challenges that 
conventional ground improvement methods might not be 
suitable to resolve. The process of selection might be 
complicated and controversial in projects involving multiple 
designers and consultants from multiple organizations.  
Sometimes disagreements remain through the design phase 
and perpetuate during construction.  Under this 
circumstance, any items related to DMM could be subject to 
elevated scrutiny and the contractor frequently needs to face 
unnecessary challenges toward DMM work.  Some minor 
professional disagreements could be naturally transformed or 
driven to become major project difficulties, which in turn 
would impose unexpected and frequently wasteful financial 
burdens to the DMM contractor.  For large scale projects, 
this situation could generate tension due to the potential for 
major claims, or even law suits, since it is expected that the 
contractor considers he is receiving inadequate treatment.  
This kind of tension creates a hostile relationship among the 
organizations involved in the project and make the project 
execution more difficult. 

 
2.3 Specification Induced Difficulty  
DMM produces in-situ soil-cement material that has 
engineering characteristics which are between soil and 
concrete and behaves differently from either soils or 
concrete.  It is also a material unfamiliar to designers and 
inspectors.  Engineers may use and specify some engineering 
properties which are very difficult to achieve.  Inappropriate 
engineering properties might be used in design.  Properties 
could also be selected from the literature without considering 
specific project conditions, such as subsurface soil 
conditions, or based on simplified laboratory testing data 
without a keen understanding of the difference between the 
data obtained from the bench scale study and from full-scale 
production in the field.  The communication between the 
designers with experienced and reputable DMM contractors 
would minimize this difficulty.  When the difficult or 
inadequate requirements remain in the specification, it is 
very difficult to revise or amend after the project award since 
the specification becomes the project contract document and 
the project difficulty could be expected to rise. 
 
2.4  QA/QC Induced Difficulty  
In several US projects the variability of test results, coupled 
with the occurrence of data points which fell below the 
minimum strength requirement gave the owners an 
unrealistically negative assessment of the quality of the in-
situ  product.  In all cases, the DMM contractor disputed the 
evaluation of the owner.  In order to reach concurrence on 
the evaluation of the final product substantial amounts of 
supplemental testing was performed.  In one case the 
confirmatory testing option was restricted to coring, which is 
time consuming and costly.   The work was ultimately 
accepted, however the owner was left with a negative 
perspective of DMM technology because of the difficulties 
experienced in testing and verification.  In another case 
where the quality of the ground treatment was the subject of 
dispute, the owner ultimately abandoned deep mixing for an 
alternate means of completing the work. 

       In a broader perspective, there does not exist a 
consensus in the US engineering community regarding the 
best suited test methods to be employed for confirmation of 
compliance with specified strength parameters.  Specifically, 
the relative merit of coring the cured elements versus  testing 
of wet grab samples is frequently debated.  As addressed 
later in the paper, there has yet to exist accepted industry 
standards for deep mixing methods.  The absence of 
standards remains a formidable barrier to the proliferation of 
DMM in the US.  There is very limited incentive for owners 
to initiate or accept proposals for the use new  technology.   
Absent any industry standards, a construction method will 
remain classified as a new technology in the eyes of selected 
owners and will not be considered a viable alternative. 
     The DMM contractor should be fully responsible for 
unacceptable soil-cement product if the defects are the 
results of inadequate construction quality control.  
Nevertheless, difficulty may still occur in the acceptance 
process.  Engineering judgment is an essential part of 
specification interpretation and construction evaluation.  An 
inspector with insufficient experience in soil-cement might 
apply his knowledge in concrete as a basis to evaluate soil-
cement.  The lack of understanding in the inherent difference 
of engineering properties of soil-cement and concrete tends 
to generate misunderstanding and uncertainty toward the 
soil-cement product, which the inspector must evaluate.  
Consequently, the specification requirements are interpreted 
in a very stringent fashion and cause difficulty to the 
contractor in the execution of DMM work.  Please note that 
the DMM specification is always written and issued by the 
owner, which usually is protective and provides more 
authority to the owner in controlling the DMM work.  The 
intent is understandable, however, the misuse could be very 
harmful to both the contractor and owner. 
 
 
3  MARKET AND COMMERCIAL FACTORS 
 
3.1  Regional Demand for DMM Technology 
A comparison of the size of the wet and dry mixing 
industries in various regions of the world is indicative of the 
state of practice and acceptance of the technology.  The 
following statistics are an indication of the size of the DMM 
markets in Scandinavia, US, and Japan.  Given the multiple 
entities that have compiled statistics on ground treatment, it 
is not possible to provide consistent comparisons. 
 
Dry Mixing: 
Japan, cumulative quantity 1980 - 2004:  26,243,000 m3 

(Japan DJM data ) 
Sweden, 2003 annual volume:  587,000 m3   (SGI) 
United States, cumulative from 1996 to present:  No data. 
<500,000 m3 (estimated by authors) 
Wet Mixing: 
Japan, cumulative through 2004: 55,000,000 m3 (from CDM, 
Japan) 
United States, cumulative through 2004: < 3,500,000 m3 

(DFI, 2004) 
The necessity for infrastructure and commercial 

development in zones of very poor soils in Scandinavia and 
Japan, for example, far exceeds that of the United States.  



Thus, the deep mixing industry originated and flourished in 
these regions long before reaching the US. 

Scandinavia:  In the Scandinavian countries, population 
centers lie within lowlands which consist of soft clay, peat, 
and gytta (lacustrine) deposits.  Additionally, railroads and 
highways must traverse great expanses of poor soils to 
connect cities and towns.  Since the soils have very low 
strength and are highly compressible, ground treatment 
generally represents the best suited means of construction of 
highway and rail facilities in the prevailing surficial geology.    

Japan:  Japan is densely populated and has large 
population centers in low lying coastal areas where the poor 
soil conditions prevail.  Moreover, most of the interior of 
Japan cannot be practically developed because it is 
mountainous.  The huge amount of international trade 
dictates the development of extensive port facilities.  In 
addition to the necessity for construction in deep deposits of 
weak and compressible soils, all structures must be designed 
to maintain functionality and/or prevent loss of life in severe 
seismic events.  The soil-cement ground treatment must be 
designed to resist static and dynamic loading, thus 
necessitating large volumes of required treatment and greater 
design strength.  DMM projects in Japan include 
considerably more frequent installations of large and rigid 
structural soil-cement elements, relative to the properties of 
the native soil, as opposed to those of the Scandinavian 
countries where the applications are most frequently ground 
improvement. 

United States:  It could be theorized that there is a lesser 
necessity to develop in regions of poor soils than exists in 
Scandinavia or Japan.  The land mass of the US is almost 
seven times greater than Japan, Finland, Norway, and 
Sweden combined.  In addition, population settlement and 
industrialization in the US is far more recent than the balance 
of the world.  Thus, for most of the history of the nation, 
development in zones of poor soils was simply avoided.  
Presently however, urban centers are rapidly expanding and 
the necessity is growing for construction in locales of poor 
soils.  Boston, Massachusetts is a classic example of this 
phenomenon.  South Boston, a region of the city which 
consists of reclaimed land from Boston Harbor, was used 
predominantly for freight rail yards in early 1900’s.  
Deposits of soft marine clay extended to depths exceeding 30 
meters. In the latter part of the 20th century, most of the rail 
facilities had been abandoned and the area transformed into a 
sparsely utilized commercial neighborhood.  However in the 
mid 1980’s Boston began a rapid growth and expansion into 
South Boston became necessary.  To expand a major 
highway through the area, the largest single application to 
date of DMM in the US was employed.  
 
3.2  Alternate Designs 
In the US there have been few projects where DMM has 
been the sole means of accomplishing the work.  The 
planning and design phases of a geotechnical project 
virtually always includes and evaluation of the feasible 
alternatives.  In projects where DMM is ultimately selected 
for the final design, changes in the ground support method 
frequently occur.  One of the mechanisms for change is the 
value engineering process.  Given the highly competitive 
nature of the construction industry, the construction 
contractors often propose less costly yet equally effective 

solutions as the contract design.  Additionally, crucial 
aspects of construction staging do not become evident or 
known until construction begins.  As the site, budget and 
schedule constraints develop and evolve, the need can and 
does arise to change the design.  Occasionally, the actual 
construction method reverts to one which was previously 
evaluated by the owner.  Another, and unfortunate, reason 
for diverting from a DMM design is that the product was not 
meeting the expectations, either realistic or unrealistic, of the 
owner and a mutually satisfactory means of procedural and 
contractual adjustments could not be reached.  Finally, in 
temporary ground support applications, the owner commonly 
allows the contractor to propose the means and methods of 
meeting specified performance criteria.  Deep mixing 
methods are rarely the sole applicable and least costly 
alternative and could be replaced by alternative methods.  
However, changes in design during in the construction phase 
are frequently associated with increased uncertainty and risk. 
 
3.3  Commercial Factors 
The differences between the design and construction 
industries of Japan and the US are as broad as the respective 
government and cultures themselves. The following 
summarizes selected factors.  

Both government sponsored and industry supported 
research over the past several decades has resulted in the 
growth of DMM technology in Japan.  The former Port and 
Harbor Research Institute of Japan, now called the Port and 
Airport Research Institute, was and remains the focal point 
for DMM research and development in Japan.  Government 
organizations were involved in the research and development 
of two main soil mixing technologies CDM (Cement Deep 
Mixing) and DJM (Dry Jet Mixing).  Most of the Japanese 
wet DMM methods are based on the results of initial 
research and development performed on CDM in late 1960’s 
to early 1970’s by the Port and Airport Research Institute 
(PARI) of the Japanese Ministry of   Transportation in   
conjunction with several general contractors.  

The DJM, or Dry Method of DMM, was developed 
based on the research and development work of Public 
Works Research Institute of Japanese Ministry of 
Construction in late 1970’s to early 1980’s.  The DJM 
equipment in use in Japan has little variations and the 
operation parameters are nearly standardized.  Although 
there are greater variations in the wet DMM equipment used 
in Japan, the basic installation parameters established for 
CDM have been followed and the expectations of the soil 
mixing products are well understood and accepted by both 
the engineers and the contractors.  Therefore, the risk 
assumed by the soil mixing contractors for the quality of 
product is significantly lower than those in the United States, 
where the contractors operate a greater variation of soil 
mixing equipment and installation parameters.  A specific set 
of installation parameters will be needed for each type of soil 
mixing equipment with different design in order to meet the 
same acceptance criteria.  Both the US contractor and the 
owner face the higher risk than their counterparts in Japan 
where both equipment and installation parameters have little 
variation.  

Bruce (1999) itemizes several crucial factors in the 
impediments of employing deep mixing methods in the US.               
The factors described therein generally remain relevant 



today, albeit in lesser degrees of impact, as demonstrated by 
the number of DMM projects which have been completed 
since then.  The proprietary nature of DMM equipment and 
methods is identified as key commercial barrier.  Each 
practitioner of DMM technology must obtain its own US 
patent for the process or acquire a license to existing 
technology from an overseas contractor.  Both of these 
avenues for entering the US market can be quite costly.  
 
 
4  DESIGN ASPECTS WHICH CAN COMPLICATE 
A PROJECT 
 
4.1  Design and Construction Standards 
The absence of industry wide standards in itself is among the 
reasons for steering away from designs which incorporate 
the DMM technology.   Efforts in the US to establish 
standards are in progress. The Federal Highway 
Administration and Deep Foundations Institute are actively 
developing standards for design, specification, and testing of 
soil-cement applications.  
 
4.2  Performance and Acceptance Criteria 
Unnecessarily stringent acceptance criteria remain a frequent 
occurrence in US projects.  The design philosophy for DMM 
projects needs to be consistent with the nature of the 
application.  The demands and expectations associated with 
the DMM elements carry over to the specifications, testing 
of the DMM product, and evaluation of results.  An example 
of this concept is the distinction between temporary and 
permanent functions of the treated ground.  A permanent 
support frequently requires more rigorous analysis of internal 
stresses, assessment of long term performance with regard to 
creep, and effects of the environmental chemistry on the 
engineering properties of the treated ground.  
 
4.2.1 Consequences of Deficiencies 
Consequences of deficiencies in the product can be 
considered the fundamental factor in establishing the level of 
intensity by which the DMM product is evaluated during 
construction. Support of lifeline structures and construction 
and public safety are examples where intense scrutiny of the 
DMM process is   required. 
 
4.2.2 Mode of Failure 
The anticipated mode of failure is also a factor in 
establishing design factors of safety and QC procedures.  
The design approach and performance criteria differ in 
applications where failure is predicted to be sudden and 
associated with large displacements, as opposed to those 
with low rates of strain and no catastrophic consequences.  
High compressive strength soil-cement elements which are 
typically produced by the wet mixing method are brittle in 
nature and reach peak strength at low strains, usually less 
than 2.5%.  The lower compressive strength elements 
produced by dry mixing methods have lower elastic moduli 
and reach peak strength strains which trend greater than 
those of wet mixing methods.  A considerably greater 
frequency of test specimens reach peak strength in the range 
of 2.5 to 5% (Geotesting Express, 1996; Ahnberg and Holm, 
1999). 

The percentage of total resistance contributed by the 
surrounding soil also influences the mode of failure.  
Distribution of loads to untreated soil tends to moderate the 
influence of the brittle behavior associated with cement and 
lime treated soil.  Surrounding untreated soil also provides 
confining pressures which increase the post-peak shear 
strength of the treated ground.  The extent of load sharing 
among treated and untreated soils can be a crucial factor in 
determining if the failure is brittle and catastrophic or more 
of a ductile mode.  The mode of failure, coupled with 
consequences thereof, also has a major influence on the 
scope and intensity of QA/QC testing. 

 
4.2.3 Strength 
Arguably the most crucial and common acceptance criterion 
is the strength of the soil-cement.  Most frequently, the 
unconfined compressive strength of core and/or wet samples 
is the specified method of strength measurement.  The 
occurrence of test results which fall below the specified 
minimum strength has lead to frequent and often costly 
disputes in US projects.  Given the inherent heterogeneity of 
soil-cement, variability of the sampling process, and the 
natural variability of the ground itself, it is not realistic to 
anticipate that all test specimens will exceed a given value, 
regardless of the quantity of cement introduced or mixing 
energy applied.  

The specifications usually include average and the 
minimum strength values.  To satisfy both requirements, the 
DMM contractor must judge which requirement is more 
difficult to meet during the selection of mix design and 
installation procedure.  Due to the inherent variation of 
subsurface soils, soil-cement produced by in-situ soil mixing 
generally has wide range of strength distribution, despite 
rigorous control of mixing energy and cement dosage.  
Consequently, the minimum strength usually becomes the 
dominant parameter for the selection of the mix design and 
installation parameters.  To satisfy the minimum strength 
requirement, which is frequently established at two-thirds of 
the specified average strength, the soil-cement produced 
generally has an average strength of approximately three 
times the design average required in the specification, which 
makes the product more conservative than expected.  A 
statistical control of the lower strength in lieu of minimum 
strength requirement could address the wide strength 
distribution and make the average strength of soil-cement 
produced closer to the design average, which in turn avoids 
the over-design and high cost of soil-cement product. 
A comparison of test results for projects executed with and 
without a statistical control of lower bound strength is shown 
in Figure 1 
 
.4.3  Specifications & QA/QC 
The construction specifications, which include the quality 
control and contractual acceptance criteria, are a primary 
element of the design and govern the cost and ultimate 
quality of the work.  Specifications and QA/QC are integral 
with the design and constitutes a major topic in itself 
therefore only summary level discussion is provided herein.     

The specifications should: 
�  be consistent with the performance requirements of the 

treated ground.  
 



Figure 1.  Influence of statistically controlled lower bound strength. (Yang, et al, 2004)

 
�  be consistent with the consequences of deficiencies in 

the product. 
�  be consistent with the anticipated mode of failure. 
�  have nominal impact on installation/construction 

progress, unless required by the individual 
application. 

�  yield results early in production to allow 
modifications to installation parameters. 

Efforts are well underway in the US for the development 
of guide specifications and standards for DMM.  However, 
the completion of standards will not be a panacea.  The 
specifications, testing protocols, and acceptance criteria 
must still be tailored to each individual application.  A 
detailed discussion of the above is contained in Druss, 
2003. 
 
5  REPRESENTATIVE PROJECT EXAMPLES 
 
The following are example projects where some of the 
above concepts are demonstrated. 
5.1  Glen Road Interchange, Newport, Minnesota 
The subject project is presented in Dasenbrock, 2004. The 
Glen Road Interchange project involved the construction of 
a grade-separated highway interchange.  The primary 
components of the interchange were four long ramp 
structures which were constructed parallel to the running 
lanes of the highway.  The ramps, as shown in Figure 2, 
provided entrance and exit to the lower highway from Glen 
Road, which overpasses the highway.  Heights of the ramp 
structures exceed 10 m.  The ramps needed to be retained in 
order to keep the width of the structures to a minimum.   

       Subsurface conditions in the vicinity of the ramp 
structures were particularly adverse.  The bedrock of most of 
the midwestern US consists of sedimentary rock such as shale, 
limestone, and sandstone and the bedrock surface topography 
is generally uniform.  Unfortunately at the location of the 
greatest fill heights of the ramps there exists an erosional 
valley in the limestone bedrock.  The valley had been 
naturally filled with clay to depths reaching 18 m.  Thus 
stability and settlement control became crucial design 
objectives for the ramps structures.  Deep foundations for the 
ramp structures are the most common design for such site 
conditions.  The discovery of the clay valley in the bedrock, 
however, was made in the very late stages of interchange 
design.  The designers evaluated alternatives for founding the 
ramps structures and selected deep mixing methods.  Among 
other advantages, a considerable amount of time was saved 
because redesign of the structures was not required.   

The original design quantity for DMM was 75,000 m3.  A 
value engineering cost proposals was submitted by the 
construction contractor which reduce the cost of construction, 
the saving for which was shared by the owner and contractor.  
Opportunities arose to sequence and stage construction that 
allowed the right-of-way to overexcavate and replace the clay, 
as opposed to continuing the DMM.  The VE proposal was 
accepted and the final quantity of DMM treatment was 
reduced to 25,000 m3.   

Another feature of the Glen Road DMM application was 
the incorporation of a statistical lower bound for specified 
compressive strength.  In this particular project, the 
unconfined compressive strength of the treated soil was 
specified to be measured from core samples.  Both minimum 
and average unconfined compressive  strengths are   specified,  
as opposed to solely minimum strength, which is more 
common in the US.  Moreover, the contract allows a 



maximum of 5% of the samples tested with values below 
60% of the average unconfined compressive strength. 

 

 
 
Figure 2.  Rendition of completed project (courtesy of 
Minnesota DOT) 
 
5.2  Storm Water Control Facility, Detroit, 
Michigan 
The construction of the Baby Creek Storm Water Control 
Facility is an example of a project where DMM was 
deemed the only practical means of performing the work.  
DMM was employed to support a large open excavation.  
The Baby Creek Facility consists of series of diversion 
structures which redirect combined storm water and waste 
water flows during periods of heavy storm runoff.  Several 
drainage conduits converge at the site.  Much of the 
construction was below grade so that gravity flow is 
maintained in the existing underground water conduits.  
The site is approximately rectangular with dimensions of 
125 m by 200 m.  Due to the configuration of existing and 
new water conduits, the perimeter of the excavation was 
quite irregular and the support system consisted of 
discontinuous and irregular shaped segments, as shown in 
Figure 3. 

The soil conditions at the site were exceptionally poor.  
The soil profile consisted of 3 m of granular fill, underlain 
by 5 m of stiff clay.  Below the stiff clay was a 18 m thick 
deposit of very soft clay with an undrained shear strength of 
20 to 45 kPa.  Glacial till, consisting of dense sand and hard 
clay, was underlying the soft clay.  The final depth of 
excavation corresponded almost exactly to the top of the 
soft clay stratum, at a depth of 8 m.  Consequently, the 
excavation support design had to account for complexities 
such as severe base instability, deficiencies in passive 
resistance, and a great depth to a firm stratum.  
Additionally, multiple site constraints precluded the use of 
tiebacks. 

The owner’s engineer selected a cofferdam-like shear 
wall system constructed with DMM elements.  The 
excavation support structure penetrated 1 m into the glacial 
till.  The support structure consisted of two parallel walls 
separated by 10 m which were transversely connected by 
walls, spaced at approximately 5 m, to form series of 
contiguous rectangular cells.  The support system was 
designed to resist sliding, overturning and internal shear.  
Approximately 650 linear meters of support structure were 

installed.  The majority of the sections were 9 m in width, 
with transverse elements spaced at 4.5 m.   

The Baby Creek project is an example of a case where 
the conventional choices of earth support systems were either 
unfeasible or very costly.  After evaluating several methods, 
the owner’s engineer selected the DMM design. Many 
precedents for such a design existed and DMM capabilities 
were well established in the in the US, therefore the cellular 
DMM system could be considered the preferred and low risk 
design.  The Baby Creek project is also an example where the 
construction contractor did not propose an alternate method to 
replace in part or entirety the DMM support system.   

 
5.3  Port of Oakland Projects, Oakland, California  
The Port of Oakland Projects are examples of the evolution of 
DMM acceptance criteria which is consistent with the 
practically achievable end product.  Acceptance criteria needs 
to reflect the naturally high variability of cement treated soils 
by deep mixing methods.  In 2001, the Port of Oakland 
undertook two DMM projects.  The Berths 57/58 consisted of 
constructing a soil-cement buttress to stabilize the shoreline.  
The Oakland Airport Roadway Project employed deep mixing 
methods to form a foundation for an earth retention structure 
and a soil-cement gravity wall for grade separation structures.  
Both projects employed soil-cement elements for permanent 
support ground support for costly and essential facilities.  
 
 

  
 
  Figure 3.  Plan of DMM buttresses (shown dark) 
 
As such, it was crucial that performance and actual factor of 
safety of the completed works conformed to the design.  
Quality control for the soil mixing process was crucial.   
        Deep mixing for Port of Oakland Projects took place 
from 1999 to 2004, under four separate contracts.  Each 
subsequent contract specification for DMM reflected a 
growing familiarity with the mixing method, end product, 
testing, and evaluation.  The first three contracts specified a 
minimum strength of 700 kPa and an average strength of 1030 
kPa.  The final specification written in 2003 required an 
average compressive strength of 700 kPa and a maximum of 5 
percent of all samples tested can be less than 420 kPa at 28 
days.  This is a very important step towards the recognition 



and management of the inherent variation of the DMM 
product. 

The requirements on the uniformity of soil mixing 
remains unchanged since it can be practically accomplished 
while providing rational level of soil-mixing quality needed 
for the permanent soil-cement structures.  The evaluation 
on uniformity of mixing was based on the full-depth core 
samples recovered from the soil-cement walls.  Lumps of 
unimproved soils should not amount to more than 20 
percent of the total volume of any 4-foot section of 
continuous full-depth core sample.  Any individual or 
aggregation of lumps of unimproved soil should not be 
larger than 12 inches in greatest dimension.  In addition, 
continuous core recovery should be at least 85 percent over 
any 4-foot core run.  For evaluating the volume of 
unimproved lumps of soil, all of the non-recovered core 
length shall be assumed to be unimproved. 
 
5.4  Interstate 15, Salt Lake City, Utah 
A segment of Interstate Highway 15 was reconstructed in 
preparation for the Winter Olympics of 2002.  One of the 
highway ramps, the lateral support for which was provided 
by an MSE wall, was to be constructed on soft and highly 
compressible foundation soils.  The soils in the area are 
comprised of lacustrine sediments from Lake Bonneville 
which are believed to have been deposited over the past 
30,000 years.  The soft deposits extend to a depth of 
approximately 20 m and consist of clay interbedded with 
sand and silt layers.  The height of the new fill was 12 m 
and a consolidation settlement of 0.8 m was predicted.   

In order to maintain stability and control settlement of 
the embankment resting on the deposit of soft soils ground 
treatment was deemed the appropriate alternative.  The only 
viable alternative to ground treatment would have been a 
bridge structure.  Ground treatment was less costly than a 
bridge.  Given the consistency and high moisture content, 
which ranged from 20-60 percent, lime cement mixing 
deemed an appropriate method of forming embankment 
support elements.  In addition to supporting the 
embankment, the lime column elements needed to control 
lateral soil deformations.  An occupied building was located 
within 8-12 m of the new MSE wall.   

The MSE wall was located on the north side of the 
ramp in order not to encroach on the adjacent property.  
The south side of the embankment had a natural soil slope.  
Two patterns of lime cement columns were used to support 
the embankment.  The central portion to the south limit of 
the cross-section consisted of individual lime cement 
columns.  The primary function of the central columns was 
to transfer vertical load to a less compressible stratum to 
reduce settlement.  The individual columns also had 
sufficient shear capacity to maintain stability of the 
roadway and natural side slope.  At the north end, the shear 
forces were greater due to the concentrated load imposed by 
the MSE wall.  Additionally, sufficient shear resistance was 
also needed to control deformations of the adjacent 
buildings.  Thus, continuous transversely-oriented shear 
elements were required.  See Saye, et al, 2001 for more 
detail. 
 

5.5  South 180th Grade Separation Project, Tukwila, 
Washington 
This underpass construction project provided grade separation 
between a railroad line and street traffic to improve the east-
west mobility of South 180th Street.  The underpass structure 
mainly consisted of a soil-cement seal slab under the 
pavement and concrete secant pile retaining walls.  The 
underpass was about 232 m long, 21.3 m wide, and 7.9 m 
below surface grade at the railroad crossing.  A shoofly over 
the soil-cement foundation was constructed for railroad traffic 
during the construction of the underpass and permanent 
railroad bridge. 

The subsurface soils at site consisted of 3.4 to 5.2 m of 
heterogeneous fills overlying interbedded layers of fine-
grained and medium-grained alluvial deposits and a 1.5 to 5.2 
m layer of recent flood plain organic deposits.  The final 
underpass grade was located in soils varying from soft organic 
silt, clay, and peat to high permeability sand and gravel 
deposits.  The underpass was constructed in two distinct 
water-bearing zones separated by the recent flood plain 
organic deposits.  The upper groundwater zone in the 
medium-grained alluvium and organic deposits generally was 
encountered at depths varying from 3.4 to 5.2 m below ground 
surface.  The lower groundwater zone in the fine-grained and 
medium-grained alluvium generally was encountered at 
depths varying from 5.5 to 7.0 m below ground surface.  After 
the evaluation of various foundation design options, the and a 
soil-cement seal slab as the underpass foundation as shown in 
Figure 4. 
      The soil-cement seal slab worked as a low permeability 
horizontal barrier to minimize the vertical seepage flow to the 
underpass, which was 4.6 m below the groundwater surface at 
the lowest grade below the railroad bridge.  The coefficient of 
permeability of the soil-cement was specified to be 1 x 10-5 
cm/sec or lower.  The soil-cement seal slab also provided the 
uplift resistance to vertical hydraulic pressure acting at the 
bottom of the seal slab.  The specified total unit weights were 
15 kN/m3 (95 pounds per cubic foot, pcf) and 16.5 kN/m3 
(105 pcf) for soil-cement produced in the organic deposits and 
alluvium deposits, respectively.  The specified average 
unconfined compressive strengths of soil-cement produced in 
the organic deposits were 240 KPa (35 psi) and 345 KPa (50 
psi) at 28-day and 90-day curing ages, respectively.  The 
specified average unconfined compressive strengths of soil-
cement produced in the alluvium deposits were 1,035 KPa 
(150 psi) and 1,380 KPa (200 psi)) at 28-day and 90-day 
curing ages, respectively.  The seal slab extended 1.5 m 
beyond the width of the pavement section for the concrete 
secant pile wall to key-in and provided lateral support to the 
secant pile wall below the underpass grade level.  The layout 
design for DMM construction is presented in Figure 4. This 
grade separation project is another example of a case where 
the conventional systems were either unfeasible or very 
costly.  This project is also an example where the construction 
entirety the DMM foundation system. 
 
5.6  Woodrow Wilson Bridge, Virginia 
I-95/Route 1 Interchange project, as part of the Woodrow 
Wilson Bridge Replacement Project, required the widening  
of existing embankment into the adjacent swampy grounds  



 
Figure 4.  Schematic seal slab design 
 
that are underlain by 3 m to 9 m of highly compressible soft 
organic clay.  The construction schedule did not permit 
sufficient time for using drains and surcharge in much of 
the U.S. Route 1 interchange area.  Deep mixing, therefore, 
was selected to provide the necessary ground stabilization. 
 The subsurface soils on site consisted of 
heterogeneous fills overlying 2.5 to 7.5 m of alluvium 
clays.  These alluvium clays are highly plastic and have 
organic contents ranging from 4 to over 30 percent.  This 
alluvium clay layer is underlain by terrace deposits consist 
of sands and gravels.  For settlement control and stability of 
the new embankment fills, soil-cement columns and walls 
were designed used to reinforce the soft alluvium clays and 
transfer the loads to the competent terrace deposits.  In the 
main interchange area, the overlapped buttress consisted of 
transverse soil-cement walls perpendicular to the slope and 
longitudinal walls were designed to resist the lateral or 
sliding force and maintain the stability of the widened 
embankment slope.  In area away from the slope where the 
main force is the vertical fill load, soil-cement columns 
were designed for settlement control.  The layout design of 
soil-cement columns and walls are shown in Figures 5 and 
6.  The soil-cement buttress was also used as the foundation 
of the MSE wall, to maintain the stability of the existing 
effluent channel, and to protect the existing transmission 
towers from displacement that might be caused from the 
widened embankment.  
 Triple-shaft soil mixing equipment was used to install 
soil-cement buttress and single-shaft auger was used to 
install the singular soil-cement columns.  The core samples 
retrieved from soil-cement produced by triple-shaft mixing 
tool met the required uniformity and average and minimum 
28-day strengths of 1,104 KPa (160psi) and 690 KPa (100 
psi), respectively.  However, the core samples of soil-
cement produced by single-shaft mixing tool could not 
meet the same requirements.  The triple-shaft mixing tool 
was then used to install triple-column elements to replace 
alternate soil-cement columns produced by the single-shaft 
mixing tool and to install the remaining columns as shown 
in Figure 5.  This project is an example of a case where 
different soil-cement products may result due to the 
variation of soil mixing equipment. 
 

 
 

 
 
6  CONCLUSIONS 
 
The number of wet soil mixing methods projects has grown 
considerably in the US over the past decade.  The growth of 
the dry mixing industry remains considerably behind.  The 
wet deep mixing method appears to be losing its classification 
as a new technology and is more frequently included among 
the alternatives in engineering studies.  Many challenges, 
however, continue to face the DMM industry in the US.  
Sufficient knowledge of the technology, in both design and 
installation aspects, is still lacking.  Problems continue to arise 
due to designs and specifications which sometimes 
inaccurately reflect the capabilities of DMM technology.  The 
absence of design standards in the US further inhibits 
engineers from choosing deep mixing methods.  Efforts are 
well underway in the US to develop design and construction 
standards.  However, it is not likely that the size of the DMM 
industry in the US will grow to the volumes which exist in 
Japan or Scandinavia because there does not exist the 
necessity   for     infrastructure    development    in    large  and  

Figure 6.  General Plan of DMM Treatment 

Figure 5.  Detail of DMM Elements 



numerous expanses of poor soils.  Regardless, the deep 
mixing method has been employed with great success in 
many projects throughout the US, and market will continue 
to grow as barriers fall. 
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ABSTRACT: Sustainable development declared at the UN Johannesburg summit in 2002 and the EU Gothenburg summit 
2001 gives an important framework for the society. Deep mixing methods are suitable for the sustainable development from 
a number of viewpoints. Over the last years many significant advances have been made in deep mixing. These advances 
strengthen the deep mixing method also with respect to a sustainable development. This keynote lecture is intended to put 
the deep mixing methods into the context of sustainable development and to comment on some of the recent advances in 
deep mixing.  
 
1 A SUSTAINABLE SOCIETY 
 
1.1 Sustainable development 
In Europe but also globally there are strong and important 
declarations that the society shall have a sustainable 
development. It has been stated at the EU Gothenburg 
summit in 2001 but also at the UN Johannesburg summit in 
2002. Large research resources are needed for geotechnical 
and geoenvironmental research to achieve the goals and 
international, and national directives, set up for a 
sustainable development and economical growth as 
confirmed by UN summit in Johannesburg. 

Over the last decades a substantial development of the 
deep mixing method has taken place. This development 
comprises technical development of the different 
components of the technique, e. g. mixing equipment and 
binders, but also applications, e. g reduction of vibration at 
high-speed trains and stabilisation/solidification of 
contaminated soil.  
 
1.2 Deep mixing in a sustainable development 
Soil treatment by deep mixing has large possibilities. The 
advantages with deep mixing compared to many other 
methods include  

�  Less use of natural resources like sand and gravel 
deposits by using the soil at the actual site 

�  Lower life cycle cost (LCC) based on e. g. less 
transportation of materials (Rydberg & Andersson, 
2003)  

�  Binders containing industrial by-products 
 
In this context it should also be considered the low 

noise and vibration levels at the execution of deep mixing.  
The use of environmentally friendly binders is also in the 
line of a sustainable development.  

A well functioning transport infrastructure is crucial 
for the development of the society. The sustainable 
development implies a need of up-grading existing 
infrastructure to fulfil future traffic demands and longer 
lives. For railway lines the future demands include higher 
axle loads and higher train speeds at the existing railways. 

In cases where the railway lines are located on soft soil 
deposits comprehensive measure can be required.  

The railway owners normally require no or a 
minimum influence on the train operations and the 
acceptable deformations in the track during execution of the 
measures are normally very small. This is a challenge for 
deep mixing, especially if the installation is made from the 
track with regard to the very limited time available with no 
train traffic.  

The need of an improved transportation system 
includes also widening of roads and additional tracks along 
the existing railway lines. The deep mixing method is 
applicable to both these cases. 

 

 
 
Figure 1.  Deep mixing installation to reduce vibrations at 
high speed trains (Holm et al, 2002) 

 



The context of sustainable development also includes 
the re-use of foundations or soil improvements. The re-use 
can be related to an increased load or a new load 
distribution, but also a new and heavier structure to be built 
on the existing deep mixing. To what extent can the 
existing deep mixing be used for the new conditions, for a 
new lifetime? For new deep mixing projects, how to obtain 
the wanted long-term properties with respect to strength, 
permeability and deformation properties at different 
conditions regarding soil profile, ground water conditions, 
contaminants and loading conditions?  

New loads and other conditions can also be expected 
due to the climate change. To what extent will the climate 
change influence the risks of subsidence, stability/slides 
and flooding? For example higher water levels will imply a 
need of raising the levees along rivers. An example of using 
deep mixing for levee reinforcement is shown in Figure 2 
(Porbaha et al., 2005) 

Natural hazards including flooding, landslides and 
earthquakes are topics where deep mixing has been used to 
some extent. Deep mixing has been used for liquefaction 
mitigating. An example from California, USA in shown in 
Figure 3 using a cellular deep mixing column structure.  

 
 
 

 
 
Figure 2. Strengthening of levee by deep mixing 
(Probaha et al., 2005) 
 
 
 
 
 
 
 
 

 
 
Figure 3. Liquefaction mitigation.  
 

To obtain a sustainable development a densification of 
urban areas is often suggested/needed. This implies 
construction activities in congested areas. Methods to be 
used in such areas should have only a very limited 
influence on the surroundings and the people.  

The use of deep mixing for excavation in urban areas 
is another application of deep mixing methods, see 
Figure 4.  
 
 

 
 
Figure 4. Excavation support close to an existing building 
(Porbaha et al., 2005) 
  
 
 
 
 
 
 



The densification of urban areas also includes the re-use of 
industrial and harbour areas, which often are contaminated. 
There is an ongoing development within 
stabilisation/solidification of contaminated land. Different 
methods are used. One of them is the deep mixing method. 
Research results as well as case histories were recently 
presented at an international conference on 
stabilisation/solidification treatment and remediation 
including advances in S/S for waste and contaminated land 
organised by the network STARNET. By in-situ 
stabilisation/solidification there is no need to excavate and 
transport the contaminated soil to a disposal. Less impact 
on the environment is achieved.  
  
 

 
 
Figure 5. Columns configuration at Sir John Rogerson´s 
Quay, Dublin (Evans, 2005) 
 
In-situ stabilisation/solidification by soil mixing was used 
at an industrial area in Dublin, Ireland (Sir John Rogerson´s 
Quay), see figure 5 (Evans, 2005). Cut-off walls with deep 
mixing columns having a low permeability were installed 
around the entire site. In part of the area the bearing 
capacity was improved by deep mixing. The maximum 
depth treated was 7 m.  
 
In many cities around the world there is a need of new land. 
The natural soil at such areas for land reclamation often 
includes soft soil layers. Deep mixing is used to improve 
the soft soil layers. Huge equipment’s make it possible to 
stabilise the soil at great depths even at great water depth 
conditions. A Japanese example is shown in Figure 6. 
 
 
 
 
 
 
 

 
Figure 6. Japanese off-shore deep mixing equipment 
(NDM, 2001) 

 
To have a sustainable development the long-term 

performance and the durability of a deep mixing is of great 
importance. The maintenance is also important for the road 
and railway owners.  
 
 
2 RECENT ADVANCES 
Comprehensive research and development activities have 
been performed during the last years and many activities 
are in progress in many countries. Many organisations are 
involved including universities, research institutes, 
manufacturers, contractors and consulting companies. A 
large number of conferences, seminars and workshops have 
been held in Europe, Japan and United States the last 10 
years. The most recent research results and advances of the 
deep mixing method will be presented and discussed at this 
conference. The detailed discussions will be held at the 
different technical sessions covering field and laboratory 
investigations, properties of binders and stabilised soil, 
design of deep mixing applications, 
stabilisation/solidification of contaminated soil, 
applications and case histories and finally execution, 
monitoring and quality control. 

In this keynote lecture some examples of the recent 
advances are presented, in some cases from a sustainable 
development perspective. The examples are related to a 
number of topics within deep mixing. 

It is important to remember that deep mixing is a way 
to treat the soil to obtain the required engineering and 
environmental properties. The great flexibility of the 
method to match the site conditions and the actual 
specifications for a project is a great advantage of the 
method compared to competing methods. 

Traditionally the treatment/improvement is made by 
the wet or the dry method with equipment’s having single 
or multiple shafts creating column-shaped stabilised soil. 
Some recent advances related to the geometrical 



configuration of the treated soil and a modified dry mixing 
technology have taken place and are described below. 
 
1.3 Standard: “Execution of Special geotechnical 

Works – Deep Mixing” 
An important and substantial progress in deep mixing is the 
recently adopted European standard for the execution of 
deep mixing, “Execution of special geotechnical works – 
Deep Mixing” (CEN TC 288). 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 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; 
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. 
Guidance on practical aspects of deep mixing, such as 
execution procedures and equipment, is given in an annex. 
Methods of testing, specification and assessment of design 
parameters, which are affected by execution, are also 
presented in an annex. 
 
2.1 Applications 
Deep mixing is used in a wide spectrum of applications, i.e.  
foundation support including road and railway 
embankments, excavation support, remediation of 
contaminated land and mitigation of vibrations. 

With respect to the climate change giving higher water 
levels in river and the sea, there is a s mentioned earlier a 
need the extend the crest of dykes. In Figure 7 this is shown 
(Porbaha et al., 2005). 

Up-grading of existing transport infrastructure to fulfil 
future demands. For railway lines improvement methods 
normally have to be performed with no or a minimum 
influence in the train traffic. This means to perform the 
strengthening of the subsoil from the side of the 
embankment or from the track as shown in Figure 8 
(Katzenbach & Weidle, 2005) within the limited time 
between the trains most likely during the night. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Strengthening measure due to extending of 
crest of dyke (Porbaha et al. 2005).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 8. Installation of deep mixed columns below an 
existing railway embankment (Katzenbach & Weidle, 
2005).  
 

As mentioned earlier deep mixing according to the dry 
method was used to mitigate the vibrations observed at high 
speed trains at Ledsgård, Sweden (Holm et al., 2005). There 
was an extremely soft soil layer at about 2 to 6 m depth 
over a length of about 200 m. The shear modulus was only 
35 to 60 kPa in the soft layer. Dry deep mixing was used to 
strengthening the soft soil. Rows with overlapping lime-
cement columns were installed under each track. Panels 
with overlapping columns were installed to connect the two 
rows as shown in Figure 9. Measurements of the vibrations 
were performed before and after the soil improvement. The 
result presented in Figure 10, shows that the amplitude 
(peak to peak) of the vibrations was reduced from 13 to 1 
mm. In other words the deep mixing resulted in a very large 
reduction of the vibrations and an acceptable behaviour at 
high speeds was achieved.  

 
 
 
 



 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Configuration of deep mixing for vibration 
mitigation, Ledsgård, Sweden (Holm et al., 2005) 
 
 

 
Figure 10. Measured displacements (peak to peak) 
before and after deep mixing. Ledsgård, Sweden 
(Holm et al., 2005) 
 

Deep mixing has also been used to mitigate the 
vibrations from train traffic to the surroundings by 
installation an appropriate configuration of the deep mixing 
at the side of the embankment of below the embankment. 

At soil conditions with a very soft peat top layer on a 
soft clay layer a combination of mass stabilisation and 
column stabilisation has been used (Dahlström & Eriksson, 
2005), see Figure 11. Preloading was used to obtain most of 
the settlements during the construction phase. After 30 days 
of preloading (0,8 m) 70 to 90% of the total settlements had 
occurred.   

 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
Figure 11. Mass stabilisation in combination with 
column stabilisation (Dahlström&Eriksson, 2005) 
 
 
2.2 Soils/Binders 
A wide range of soils is nowadays stabilised by deep 
mixing. Over the last years comprehensive research and 
development activities have been performed regarding the 
treatment of different soils and the use of different binders 
including the use of industrial by-products as a component 
in the binder. Organic soils have been studied for example 
in the EU-funded EuroSoilStab project. A number of 
binders, one and two component binders were used to 
stabilise organic soils in Finland, the Netherlands, Ireland, 
Italy, Sweden and UK. In Figure 12 the obtained relative 
strength increase after 28 days in soft soils is presented 
(EuroSoilStab, 2001). The table is based on unconfined 
compression tests of laboratory mixed samples.  

By selecting an appropriate binder and binder quantity 
the specifications regarding e. g. strength in the stabilised 
soil can be achieved. However, it is important to select a 
binder that in the required way can treat all the soil layers in 
the actual soil profile. A binder consisting of cement and 
granulated blast furnace slag has shown good stabilisation 
effect in many soils. 
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Figure 12. Relative strength increase based on 
laboratory tests on European soils. 
 
2.3 Execution 
A Modified Dry Mixing (MDM) method has been 
developed by LCTechnology (Gunther et al., 2004). By a 
modification to the existing dry mixing process and 
equipment, water can be injected into the soil during the 
installation process, see Figure 13. By adjusting the water 
content of the soil, columns of significant strength can be 
produced even in various soils of very low water content, 
where the regular dry method normally could not be used. 
The MDM process also yields improvements in mixing 
efficiency resulting in more homogenous columns of high 
quality.  

The MDM method spans a large spectrum ranging 
from typical dry mixing applications to truly wet mix 
installations, using modified dry mixing equipment. The 
conversion from dry to wet system takes place seamlessly 
from station to station (one depth to another) throughout the 
installation of the column. Some further advantages are no 
surface spoil created, no mixing plant required, small and 
mobile equipment and finally the MDM can be installed in 
wet as well as dry soils with no downtime to reconfigure 
equipment. By this method columns can be created to the 
surface through the dry crust. Figure 14 shows the top of 
MDM columns. 
 
 
 
 
 

 
 
 
Figure 13. Modified dry mixing (Gunther et al., 2004) 
 

 
Figure 14. Top of columns produced by Modified Dry 
Mixing (MDM) 
 

A new Cutter Soil Mixing equipment has been 
developed by Bauer (Fiorotto et al., 2005). The cutter soil 
mixing differ from the traditional deep mixing technique as 
it use two sets of cutting wheels that rotate around a 
horizontal axis to produce panels of treated soil. 
Rectangular panels with a length of 2200 to 2800 mm and a 
width of 500 to 1200 mm can be made to a maximum depth 
of 35 m (70 m). The panels can be arranged as single 
elements, rows of overlapping elements, grids and blocks. 
A reduced number of joints compared to equivalent secant 
columns are favourable when the wall is to act as a cut-off 
wall.). The developed mixing head, see Figure 13, has two 
cutting wheels that revolve round a horizontal axis to 
produce panels of treated soil. In Figure 16 a shaft by cutter 
soil mixing panels is shown. 
 






















































































































































































































































































































































































































































































