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Preface

Linköping, September 2005

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

Advisory Committee

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

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
demonstrations 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
International 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. A scientific committee reviewed the draft papers.
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, which are available on CD and in printed ver-
sion (within three books – volumes 1.1, 1.2 and 2):

Volume 1: Recent Advances
• Regional Reports
• Technical Papers
• Keynote Lectures

Volume 2: Best Practice
• State of Practice Reports
• Technical Documents
• Welcome and Closing Addresses
• Social Program
• List of Participants
• List of Partners and Exhibitors

Volume 2 includes Technical Papers received after the dead-
line of submission.

The Proceedings include a Table of Contents and an Author
Index. The Technical Papers in Volumes 1 and 2 are grouped
in the session topics. The papers are listed in alphabetical or-
der, 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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Welcome address
Chairman of the Swedish Deep Stabilization Research Centre

Sellgren, E.
WSP, S-121 88 Stockholm-Globen, Sweden
eskil.sellgren@wspgroup.se

President of the International Society for Soil Mechanics and
Geotechnical Engineering Sessions officials, Distinguished
guests, Ladies and Gentlemen.

The Swedish Deep Stabilization Research Centre (SD) has
the pleasure of welcome you to the International Conference
on Deep Mixing – Best Practice and Recent Advances, – Deep
Mixing ’05.

Deep stabilisation of soft soils with dry mix methods, columns
and stabilisation using lime, cement and industrial by-products
as stabilising materials, has been used in Sweden for 25 years.
The method, which primarily is used in soft clay, but also in
organic soils and in clayey silt, is used for reduction of
settlements and improvement of stability in connection with
the construction of new roads and railroads. Lime-cement
columns have also been used for foundation of smaller
buildings and bridges, stabilisation of natural slopes and
reduction of vibrations.

The Swedish Deep Stabilization Research Centre (SD) was
established in 1995 by governmental authorities, research
organisations and industry and is performing a comprehensive
research programme comprising theoretical research at
universities and research institutes and also research and
development in connection with actual projects, e. g.
infrastructure projects. During the past ten years, we have
implemented a wide range of research projects, the results of
which are now becoming available. Field and laboratory
investigations, trials and full-scale tests, in addition to well-
documented case histories, have resulted in comprehensive
information, which is contributing to more rational and
economic design and production methods. This research is
co-ordinated and organised by the Swedish Deep Stabilization
Research Centre. The members represent all different
categories involved in the building process as authorities,
contractors, manufactures of stabilising materials, consultants,
research institutes, universities and research councils.

Important research efforts have also been made in Japan, North
America and Europe. Another significant development is the
standardisation of deep mixing methods. The European
standardisation organisation CEN has on 28 February 2005
approved an execution standard, which specifies general

principles for the execution, testing, supervision and
monitoring of deep mixing works carried out by two different
methods; dry mixing and wet mixing.

During the past decades, deep mixing methods have found
increasing application in geotechnical, environmental and
earthquake engineering. Advanced analytical methods and
innovative design concepts, have resulted in more economic
solutions. Dry and wet deep mixing techniques are evolving
rapidly, benefiting from close co-operation and interaction
between consultants, contractors and material suppliers. Dry
and wet mixing methods are being used increasingly in many
countries and can offer important benefits compared with
traditional solutions. The main advantages are:
• Reduced time for construction
• Lower cost
• Greater flexibility in design and execution
• Higher quality control through production monitoring

In order to gain the maximum benefit of deep mixing, this
conference is addressing Best Practice of design and execution,
based on recent R&D results and practical experience from
well-documented case histories.

The primary aim of the conference is to provide a platform
for information exchange and communication between the
main groups involved in the planning, design and execution
of the deep mixing process as Users, Producers and Innovators.
• Users as private and public clients, building authorities

and standardisation organisations.
• Producers as foundation contractors, consultants and

material suppliers.
• Innovators as equipment manufacturers, scientists and

researchers.

Ample opportunities will be given to present and discuss Best
Practice in deep mixing, covering dry as well as wet methods
regarding Technical development, Experience and
Standardisation. This conference will provide a unique
opportunity for knowledge dissemination and technical
exchange between practitioners, project owners, authorities,
equipment manufacturers, material suppliers and researchers
in the field of deep mixing.
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It has been a great interest to participate in the conference as
delegates and exhibitors and to contribute by papers. We are
almost 280 participants including 20 exhibitors. 90 papers have
been accepted and this is much better than we hoped when we
started planning this conference. The date for the conference
has been chosen as an important milestone in the development
of deep mixing methods. A number of significant
developments will reach a concluding phase and this research
programme will soon come to an end. However, if and how
we will continue, will be discussed during the conference.

Once again: The Swedish Deep Stabilization Research Centre
(SD) welcome you to the International Conference
on Deep Mixing – Best Practice and Recent Advances
–  Deep Mixing ´05!
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Welcome address
President of the International Society of Soil Mechanics and
Geotechnical Engineering (ISSMGE)

Van Impe, W.F.
President ISSMGE
william.vanimpe@UGent.be

It’s my pleasure to use a couple of minutes of allotted time in
this opening ceremony of the International Conference on
Deep Mixing, Best Practice and Recent Advances, here in
Stockholm, to highlight the future developments of the
ISSMGE and especially its improved interaction with our
corporate sponsors.

The main objectives of the ISSMGE have been stipulated
already at the start of our term of office in 2001:

• To try and pay more attention to the needs of the practising
geotechnicians,

• To develop relevant scientific and technical assistance to
those professionals,

• Reformatting the ISSMGE sponsored conferences to better
serve all groups involved,

• To improve the interplay with other geotechnics oriented
groups ; both learned as well as more practitioners based
geo-engineering societies.

To this extent a group of technical committees and the
important Task Forces of the ISSMGE Board have been
established.

Among these Task Forces, it is important to you as conference
attendants, to mention explicitly the Task Force on Professional
Practice as well as the Task Force on Industrial Liaison.

The Task Force on Professional Practice has been established
with the aim of enhancing the status of geotechnical
professionals:

• promoting the image of geotechnical engineering, both to
the general public and within the overall engineering
profession,

• thereby promoting the status of ISSMGE as the peak body
representing geotechnical professionals.

Key aims are to develop a relatively brief “manifesto” for the
ISSMGE, to be used to promote the Society by means of
relevant messages to be sent out to various groups in the society
– administrators, political groups, public, civil servants etc.

Such list of messages is existing today and is one of the
important accomplishments of this Board over the past 3,5
years.

Promoting continuously our profession through the above
mentioned messages, requires an appropriate networking. Such
networking started within this Board by the establishment of
the Task Force on Industrial Liaison. A significant percentage
of ISSMGE members are indeed geo-engineering
practitioners, others are contributing as contractors, designers,
equipment manufacturers… and it is important that the
ISSMGE tries hard to be more relevant and to act better in
accordance to their needs.

In the long run we, as ISSMGE, in this respect should be able
to play a more dominant role in establishing codes and
standards, appropriate Policy Statements such as on the ethics
of our Professional Practice on the appointment of
Geotechnical Consultants etc.

In my views, this important interplay of the ISSMGE with
the corporate members can only be achieved trough a more
integrated working of most of the Geo-engineering oriented
Societies existing in the today’s world.

To this extent our Board has been working over the last couple
of years on the creation of the so called FIGS (Federation of
the International Geo-Engineering Societies). Such Federation
should supplement the common “learned society” perception
of ISSMGE, ISRM and IAEG,…. (ad founding partner
societies), by engaging more closely with industry and public
bodies and promoting within such bodies, the activities of all
the partner societies and the geo-engineering profession in
general.

The primary functions of such a Federation could be specified
as:

• To promote awareness of the importance of geo-
engineering among professionals in associated areas,
clients, decision makers and politicians, and to enhance
its public image;

• To develop guidelines/codes for professional practice, to
agree on policy statements in geo-engineering;
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• Suggesting items for curricula for higher education in geo-
engineering from the viewpoint of the industry/
practitioners;

• To set up joint technical commissions with activities and
interest common to the constituent associations;

• To co-ordinate participation of technical commissions in
conferences and symposia of the constituent associations;

• To stimulate the interaction among geo-professionals
within various facets of geo-engineering;

• To provide a common technical resource database via a
new and well adapted website;

• To promote stronger interaction with industry and policy-
making organisations.

As we speak, I can confirm that the Council Meetings of the
Sister Societies ISRM and IAEG have already approved the
principle of such a FIGS. In the ISSMGE Osaka Council
Meeting in September, our Member Societies will be invited
to approve as well the principle of the formation of such a
federation. After the approval a sub committee will be
commissioned and chaired by the three Presidents, in order to
draft the FIGS constitution and to identify any changes to the
Statutes and By-Laws that will be required following the
formation of the FIGS.

The ISSMGE Council will have an opportunity once more to
formally approve the establishing of the Federation of Geo-
Engineering Societies discussing its appropriate statutes, at
our mid-term Council meeting of 2007.

The role of the practitioners, as most of you here today, in
stimulating their Member Societies on co-operating in such
developments, allowing for a by far better interaction of the
various groups of professionals in the ISSMGE, can not be
underestimated.

Your support is of the greatest importance to the future
developments of the ISSMGE itself.
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Welcome address
Chairman of the Organisation Committee of Deep Mixing ´05

Rydell, B.
Swedish Geotechnical Institute, SE-581 93 Linkoping, Sweden
bengt.rydell@swedgeo.se

Ladies and gentlemen, dear colleagues and friends!

On behalf of the Organising Committee, I would like to
welcome you to Deep Mixing ´05! We are very glad that so
many have accepted our invitation and have come to Sweden
and this conference. This great interest in the conference
subject is of course very satisfying. We believe that one of the
reasons for the large interest is the timing of the conference.
Deep and shallow mixing methods and their applications are
gaining increasing importance. New innovative methods are
being introduced and existing methods are applied for the
solution of a variety of problems.

We hope that the conference can provide a useful platform for
the exchange of ideas and for establishing personal contacts.
Take this unique opportunity to discuss with colleagues from
different parts of the world, to meet old friends, to make new
contacts and to exchange experience.

Conference format
I would like to say a few words about the objectives and format
of the conference. When the Board of the Swedish Deep
Stabilization Research Centre started planning this conference
more than two years ago, one of the main objectives was to
document the present Best Practice of wet and dry mixing
technology.

For that reason, leading experts were invited to prepare
Regional Reports from three regions: Europe, the Far East
and North America. We trust that these contributions provide
a useful overview of deep mixing praxis, and an outline of
future needs in research and development. We are also very
proud to present Keynote Lectures by leaders of our profession,
describing different applications of soil mixing methods.

The response to the call for papers was excellent, with almost
100 accepted contributions, covering many aspects of deep
mixing technology. At this point I would like to thank all
authors for their ambitious work! The submitted abstracts and
papers were reviewed by a Scientific Committee. We are
convinced that this effort assures a high technical standard of
the written and oral contributions. I would like to extend our
gratitude to the members of the Scientific Committee!

The State of Practice Reports, prepared by renowned experts
in their field, are based on papers submitted to Deep
Mixing´05, but also on recent development and the advantages
and the limitations of deep mixing methods in certain
applications. They will provide the platform for the respective
sessions. For that reason, a printed draft of the State of Practice
Reports was included in your conference bag, together with
other useful information. It is anticipated that these pre-prints
will help to initiate discussions during the conference. The
final version of the State of Practice Reports will be distributed
after the conference.

Furthermore, Panellists have been invited to address specific
session topics and to initiate a discussion. The session
Chairmen and Co-chairmen will make an effort to encourage
discussion between the panellists and the audience.

Technical discussions
I suppose that you already have noticed the Technical
Exhibition, which is an integral part of this conference. The
exhibitors include research institutes, equipment
manufacturers and material suppliers, contractors and
consultants who present recent developments, products and
services in the deep mixing area. We invite you all to meet
during the session breaks in the exhibition area for informal
discussions and to get the latest news from the exhibitors.

Following the conference, on Wednesday afternoon, a
Technical Visit is arranged. We hope you will join this tour to
a construction site near Uppsala, just north of Stockholm.
There, you can study comprehensive soil improvement works
in connection with the construction of highway E4. At this
site, the client and contractor will demonstrate the installation
of lime-cement columns in soft, compressible clay. You will
also have the opportunity to take a look at the result of a
stabilised column in full scale and to study the quality control
system on site.

Social program
Finally, a word about the social activities: we hope that you
will take advantage of this unique opportunity to interact with
your colleagues from other parts of the world or professional
areas.
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We are proud to hold this conference in Stockholm, the capital
of Sweden. At this time of the year, Stockholm is an exciting
place with many beautiful sights. As Stockholm is located on
the shore of the Baltic Sea, we hope that you will join the
Welcome Reception, which will take place this evening on a
steam boat trip through the Stockholm archipelago, which
comprises more than 24,000 islands. Enjoy a light meal as the
ship glides through the ever-changing scenery.

The Conference Banquet will be given at the Vasa Museum, a
unique cultural landmark in the heart of Stockholm. The Vasa,
a warship sank in Stockholm harbour on its maiden voyage in
1628 and was salvaged 333 years later.

Complimentary close
Standing at the threshold of the conference, we think that with
the contributions of many individuals and the support of
leading professional organisations, we have all the
prerequisites to reach the objectives set out by the conference
organisers. The Organising Committee has made an effort to
make this conference a success and I would like to thank all
those who by dedicated and ambitious work or by financial
support have made this conference possible.

Once again, we are very happy to see you all here at Deep
Mixing´05. We hope that these three days in Stockholm will
be rewarding and that your work will become a landmark in
the deep mixing development, contributing to a more
sustainable society. Welcome to take part in the technical
discussions and we hope you will enjoy your stay in Sweden.

Thank you for your attention!
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Deep Mixing from a client’s perspective

Paulsson, B.
Banverket, 781 85 Borlänge,  Sweden
bjorn.paulsson@banverket.se

• Background of the deep mixing project in Sweden

• Co-operation between all actors in the business

• Examples of project

• Deep Mixing in the future

• From a client’s perspective

The Deep Mixing method has made remarkable
progress since 1999 but it is still a long way

to go

• Background of the deep mixing project in Sweden
–New applications
–Better understanding of the method
–More cost-efficient use
–Avoid problems

Stockholm, Sweden

May 23-25, 2005

• Svensk Djupstabilisering – Swedish deep Stabilization

Research Center – a Co-operation between all actors in the

business
–Clients
–Contractors
–Consultants
–Material suppliers
–Researchers

Stockholm, Sweden

May 23-25, 2005

• Examples of important railway projects
–Norrala -
–Ledsgård - 2000
–Kåhögsporten - 2003

Stockholm, Sweden
May 23-25, 2005

Ledsgård – Installation of lime/cement columns

1 2

3 4

5 6
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Improvement of soft soils, efficient methods and research for
foundation of increased speed for a railway line

Stockholm, Sweden

May 23-25, 2005

• Deep Mixing in the future – input from a clients
perspective
– Improved codes and guidelines

– Enhanced QA procedures

– Contract forms

– Better marketing of the deep mixing method

Time schedule and costs

L i m e / c e m e n t  
C o lu m n s

1 6 %

I n v e s t i g a t i o n s  
D e s i g n

2 1 %

T r a c k  w o r k s
2 3 %

P r o j e c t  
M a n a g e m e n t  

A d m i n i s t r a t i o n
7 %

G r o u n d  W o r k s  
e x c lu d i n g  

l i m e / c e m e n t  
c o lu m n s

3 3 %

Total schedule:  Three months

Traffic interruption:  July 9 - July 31, 2000

TOTAL COST:  Approx 6 MSEK traffic costs not included

9

7 8
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Closing address
Chairman of the Swedish Deep Stabilization Research Centre

Sellgren, E.
WSP, S-121 88 Stockholm-Globen, Sweden
eskil.sellgren@wspgroup.se

Dear Friends,

The primary aim of this conference has been to provide a
platform for information exchange and communication
between the main groups involved in the planning, design
and execution of the deep mixing process as Users, Producers
and Innovators.

• Users as private and public clients, building authorities
and standardisation organisations.

• Producers as foundation contractors, consultants and
material suppliers.

• Innovators as equipment manufacturers, scientists and
researchers.

Ample opportunities have been given to present and discuss
best practice in deep mixing, covering dry as well as wet
methods regarding technical development, experience and
standardisation. This conference has provided a unique
opportunity for knowledge dissemination and technical
exchange between practitioners, project owners, authorities,
equipment manufacturers, material suppliers and researchers
in the field of deep mixing.

This conference has been chosen as an important milestone in
the development of deep mixing methods. It is the end of ten
years research programme in the Swedish Deep Stabilization
Research Centre. A number of significant developments will
reach a concluding phase and this research programme will
now come to an end. Therefore this conference is also a kind
of examination and we are very proud and happy that you
have participated.

Yesterday we started a discussion how to continue this
important work and we decided that there are a lot more to do
in research and development, technology transfer and
international co-operation regarding design methodology, the
behaviour of the stabilised soil, execution of stabilising, quality
control, life cycle cost, new binders, education, etc, etc. A
very important subject is technology transfer and The Swedish
Deep Stabilization Research Centre has offered to be the spider
in the web, regarding building a soil stabilisation website. In
a four-year time we also will have a new conference and

therefore Dr Maasaki Terashi from Japan has an
announcement.

We have had a great conference and The Swedish Deep
Stabilization Research Centre thank you all to this success. It
has been a tremendous atmosphere and a great commitment.
A special thanks to all the session officials as Keynote Lectures,
Regional Reporters, State of Practice Reporters, Chairmen,
Co-chairmen and Panellists. We also thank the Organising
Committee, the Technical Committee, the International
Advisory Committee, the speakers, and the authors of the
papers, the exhibitors, the sponsors and all delegates.
Tremendous work have been done by Bengt Rydell as
Chairman of the Organising Committee, Gunnar Westberg as
the Conference Secretary and Rainer Massarsch as the
Chairman of the International Advisory Committee. Thank
you all!

This part of the conference is now closed, but followed by a
practical part to see an ongoing project regarding stabilisation
for a new highway. Thank you very much for your kind
attention and welcome back to Stockholm!
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Closing remark & invitation to the next conference

Terashi, M.
Nikken Sekkei Geotechnical Institute, 102-8117 Tokyo, Japan
terashi@nikken.co.jp

Thank you Mr. Chairman,

In the last three days, we have seen that the Keynote Lectures,
State of Practice Reports and panel discussions were well
programmed to focus on the recent development of deep
mixing. Three Regional Reports reviewed the deep mixing
applications in Japan & Far East, Europe, and North America
and helped us understand the common features and local
features of deep mixing applications. The organising
committee took the full advantage of Internet in the conference
organisation. The conference Web-platform was not only
effective for collecting papers but proved to be a powerful
tool to provide discussion forum open to the pre-registered
participants. On behalf of all the overseas participants, I would
like to thank Mr. Bengt Rydell and the Organising Committee
members for your tremendous efforts to bring the conference
to such a big success.

As you know, the R&D of deep mixing started in Sweden and
Japan in the late 1960s. The technique was brought into
practice in Nordic countries and Japan in the middle of 1970s
and the deep mixing market in both regions expanded rapidly
in 1980s. The research activities and case records in those
days were continuously publicised in a number of technical
papers but in most cases to the domestic or local conferences
using their local languages. For nearly 20 years, there was no
substantial exchange of information between the two regions
except for a limited personal visits or personal
communications.

In the past 10 years, however, the latest information on
equipment, material properties, case records, design procedure,
QC and QA have been updated and shared by international
deep mixing community by conducting a series of international
speciality meetings on deep mixing. The first international
speciality conference on deep mixing was co-organised by
the Japanese Geotechnical Society and ISSMGE TC-17 in
1996 in Tokyo. The conference attracted 114 overseas
participants from 26 countries. The 1996 Tokyo conference
was followed by speciality conferences/symposia in 1999
Stockholm, 2000 Helsinki, 2002 Tokyo, 2003 New Orleans
and this time in Stockholm again. Along with these
international forums, CEN TC288/WG10 started to draft the
European standard of the execution of deep mixing since 2000.

WG 10 comprising delegates from 9 European countries
invited international experts from Japan and USA to take part
in their activity and completed a really international standard.
Now, sharing information, open discussion, and collaboration
have become a tradition for world-wide deep mixing
community.

During the lunch break yesterday, Swedish Deep Stabilization
Research Center called a meeting of representatives from
organisations and countries that took part in the present
conference for discussing the further continuation of our
tradition. The possibility of maintaining Web-platform, co-
ordination of next conference, and joint R&D’s were discussed
in the frank atmosphere. With a great pleasure, Japanese
delegates accepted to organise the next conference sometime
in 2009. As a variety of admixture stabilisation is being
developed and practised in Japan, I personally think that the
coverage of next conference may become a bit wider than
those of previous ones. We will soon start discussing the
technical contents, dates and conference venue and keep you
informed. So, we cordially invite all of you to come and join
the next conference in 2009 in Japan.
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ABSTRACT: To ensure the sufficient quality of the stabilized column, quality control and quality assurance is required 
before, during and after construction. For this purpose, quality control for the Deep Mixing Method mainly consists of 
laboratory mixing tests, quality control during construction and post construction quality verification. The improvement 
effect achieved by the DMM is affected by many factors such as soil properties, type and quantity of binder, degree of mix-
ing, and curing conditions. The effects of these factors are quite complex, making it difficult to directly determine field 
strength. The choice of binder is a significant factor affecting improvement, in terms of its relation to the characteristics and 
condition of the soil. The quality of stabilized column has been often evaluated after construction by unconfined compres-
sion strength on core samples from the field stabilized columns and field tests. In this state of practice report, research ef-
forts on properties of binders and stabilized soil and field and laboratory investigations are reviewed and discussed.  
 
 
 
1 INTRODUCTION 
 
To ensure the sufficient quality of the stabilized column, 
quality control and quality assurance is required before, 
during and after construction. For this purpose, quality 
control for the Deep Mixing Method mainly consists of 
laboratory mixing tests, quality control during construction 
and post construction quality verification through check 
boring and field tests.  

The improvement effect achieved by the DMM is af-
fected by many factors such as soil properties, type and 
quantity of binder, degree of mixing, and curing conditions. 
The effects of these factors are quite complex, making it 
difficult to directly determine field strength. The binders 
used in practice are, in the majority of cases, cement and 
lime. In the Scandinavian countries, lime, cement and 
combination of cement and lime have frequently used for 
stabilizing local soils especially organic soils. In Japan, 
cement has been mainly used, besides dozens of binders 
are now available on the Japanese market. The choice of 
binder is a significant factor affecting improvement, in 
terms of its relation to the characteristics and condition of 
the soil. 

The quality of stabilized column has been often evalu-
ated by unconfined compression strength on core samples 
cored from the field stabilized columns. However, it takes 
long period and expensive costs for core sampling. Addi-
tion of this problems, another problems on sampling tech-
nique is also arisen, where the property of cored samples 
are much dependent upon the technique, machine and di-
ameter of sampler. According to these circumstance, field 
tests have been expected to evaluate the quality of stabi-
lized columns more rapidly and less expensive. 

In this article, research efforts on properties of binders 
and stabilized soil and field and laboratory investigations 

are reviewed to demonstrate the state of the technique and 
to encourage the panel discussion of the Session. 
 
 
2 BASIC MECHANISM OF STABILIZATION  
 
The binders used in practice are, in the majority of cases, 
cement and lime. In the Scandinavian countries, lime, ce-
ment and combination of cement and lime have frequently 
used for stabilizing local soils especially organic soils. 
There are many research efforts to find a suitable type and 
amount of binders for specific soil conditions. In Japan, 
cement has been mainly used, besides dozens of cement 
type binders are now available on the Japanese market, 
which are specially prepared for the purpose of stabilizing 
soil or by reinforcing certain constituents of the ordinary 
cement, by adjusting the grain size or by adding ingredients 
effective for particular soil types (Japan Cement Associa-
tion, 1994). Recently, industrial wastes include materials 
with self-hardening or latent hydraulic properties, have 
frequently binders in addition to cement and lime. Materi-
als with high potential for use as binder are those with CaO, 
SiO2, Al2O3, MgO, Fe2O3, etc. as a main constituent, which 
induce the pozzolanic reaction. These include various types 
of slag (blast furnace slag, converter slag, stainless steel 
slag), and various types of ash (coal ash, incinerated paper 
ash, incinerated sewage ash). 

The basic mechanisms of admixture stabilization us-
ing lime or cement were extensively studied for several 
decades by highway engineers (e.g. Ingles and Metcalf, 
1972). In the following paragraphs, the basic mechanisms 
of lime and cement stabilization are briefly reviewed (Ba-
basaki et al., 1996). 
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2.1 lime-type binders 
When mixed with soil, quicklime (CaO) absorbs moisture 
in the soil to become hydrated (slaked) lime (CaO + H2O = 
Ca(OH)2). This hydration reaction is rapid and generates a 
large amount of heat. During the process, quicklime dou-
bles in volume. The water content of soft soil is thus re-
duced, accompanied by a slight increase in shear strength.  

With the existence of sufficient pore water, hydrated 
lime dissolves into water and increases the calcium and 
hydroxyl ion contents. Then Ca2+ ions exchange with 
cations on the surface of the clay minerals. The cation ex-
change reaction alters the characteristics of water films on 
the clay minerals. In general, the plastic limit, wp, of the 
soil increases, reducing the plasticity index. Furthermore, 
under a high concentration of hydroxyl ions (high pH con-
dition), silica and/or aluminum in the clay minerals dis-
solve into the pore water and react with calcium to form a 
tough water-insoluble gel of calcium-silicate and/or cal-
cium-aluminate. The reaction, so-called pozzolanic reac-
tion, proceeds as long as the high pH condition is main-
tained and calcium exists in excess. The strength increase 
of lime stabilized soil is attributed mainly to the pozzolanic 
reaction product, CaO.SiO2.H2O type and CaO.Al2O3.H2O 
type products, which cements the clay particles together. 
The CaO.Al2O3.CaO4.H2O type hydration product is called 
as ettringite and besides fixing large quantities of moisture, 
needle-shaped crystals develop and a cross-linked structure 
is formed, binding the soil particles, so this reaction prod-
uct has great improvement effect. The basic mechanism of 
lime stabilization is shown schematically by Ingles and 
Metcalf (1972) in Fig. 1. 

As is described above, the strength increase of lime 
stabilized soils relies solely upon a chemical reaction be-
tween clay and lime. The formation of cementation mate-
rial commences after the attack of lime on clay minerals. 
Therefore, the thorough mixing of soil and lime is abso-
lutely necessary to increase the contact area of lime and 
clay. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Basic lime stabilization mechanism (Ingles and 
Metcalf, 1972). 
 
 
 

2.2 cement type binders 
The cement types used as binders are Portland cement or 
blast furnace slag cement. Portland cement is made by 
adding gypsum to cement clinker and grinding it to powder. 
Cement clinker is formed by minerals; 3CaO.SiO2, 
2CaO.SiO3, 3CaO.Al2O3 and 4CaO.Al2O3.Fe2O3. A cement 
mineral, 3CaO.SiO2, for example, reacts with water in the 
following way to produce cement hydration products.  
 

2(3CaO.SiO2) + 6H2O = 
3CaO.2SiO2.3H2O + 3Ca(OH)2  (1) 

 
During the hydration of cement, calcium hydroxide is 

released. The cement hydration product has high strength, 
which increases as it ages, while calcium hydroxide con-
tributes to the pozzolanic reaction as in the case of lime 
stabilization. Blast furnace slag cement is a mixture of 
Portland cement and blast furnace slag. Finely powdered 
blast furnace slag does not react with water but has the 
potential to produce pozzolanic reaction products under 
high alkaline conditions. In blast furnace slag cement, the 
SiO2 and Al2O3 contained in the slag are actively released 
by the stimulus of the large quantities of Ca2+ and SO4

2- 
released from the cement, so that a fine hydration product 
abounding in silicates is formed rather than a cement hy-
dration product, and the long term strength is enhanced. 

The rather complicated mechanism of cement stabili-
zation is simplified and schematically shown in Fig. 2 for 
the chemical reactions between clay, pore water, cement 
and slag (Saitoh et al., 1985). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Chemical reactions between clay, cement, slag and 
water (Saitoh et al., 1985). 
 
 
2.3 Difference in strength increase with time  
between lime and cement 
Although the improvement by lime and cement is based on 
similar chemical reactions, the rate of strength increase 
differs. Figure 3 schematically compares the process of 
chemical reactions with time in lime soil mixture and ce-
ment soil mixture. In both cases, reduction of water content 
due to hydration precedes all other reactions if a dry pow-
der stabilizer is added. The reduction of water content leads 
to a slight increase of strength. Following a reaction com-
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mon to both binder is a cation exchange, which leads to an 
improvement in the plasticity of soils.  

After these reactions, substantial hardening of the 
mixture starts. In the case of lime stabilization, the poz-
zolanic reaction between lime and clayey soils is slow but 
continues for years. In contrast to this, in the case of ce-
ment stabilization, the formation of cement hydration 
product is relatively rapid and most of the strength increase 
due to cement hydration is completed within several weeks. 
The lime liberated during the hydration of cement also re-
acts with clayey soils as well and the strength increase due 
to this also lasts for a long time in the case of cement stabi-
lization. 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) lime treatment   (b) cement treatment 
Fig. 3. Simplified explanation of different time process of 
the improvement by lime and cement.  
 
 
3 REVIEW OF RELEVANT PUBLICATIONS, 
STANDARDS AND GUIDELINES ON PROPERTIES 
OF BINDERS AND STABILIZED SOIL 
 
3.1 Factors Affecting Strength Increase 
The magnitude of strength increase of stabilized soil is 
influenced by a number of factors, because the basic 
strength increase mechanism is closely related to the 
chemical reaction between soil and binder. The factors can 
be roughly divided into four categories: I. Characteristics 
of binder, II. Characteristics and condition of soil, III. 
Mixing conditions, and IV. Curing conditions, as shown in 
Table 1 (after Terashi, 1997). 

The characteristics of binder mentioned in Category I 
strongly affect the strength of stabilized soil. Therefore, the 
selection of an appropriate binder is, in a real sense, an 
important issue. The factors in Category II (characteristics 
and conditions of soil) are inherent characteristics of each 
soil and the way that it has been deposited. It is usually 
impossible to change these conditions at the site to perform 
deep improvement. Thompson (1966) studied the influence 
of the properties of Illinois soils on the lime reactivity of 
compacted lime soil mixture and concluded that the major 
influential factors were acidity (pH) and organic carbon 
content of the original soil. Many research groups have 
also performed similar studies on lime or cement stabilized 
soils manufactured without compaction (Okumura et al., 
1974, Kawasaki et al., 1978, 1981 and 1984, Terashi et al., 
1977, 1979, 1980 and 1983, Babasaki et al., 1996, Åhnberg 

and Holm, 1999, Esrig, 1999, Hebib and Farrell, 1999, 
EuroSoilStab, 2002). Their valuable works provide engi-
neers with good qualitative information. The factors in 
Category III (mixing condition) are easily altered and con-
trolled onsite during an execution based on the judgment of 
the engineers responsible for the execution. The factors in 
Category IV (curing conditions) can be controlled easily in 
a laboratory study but cannot be controlled at a work site. 
For detailed descriptions, see Terashi et al. (1977, 1980). 

The influences of various factors on the stabilized 
soils are briefly shown in the following section. In the fol-
lowing descriptions, the unconfined compressive strength, 
qu, of the stabilized soil is used as an index representing the 
stabilized effect.  
 
Table 1. Factors affecting the strength increase (after 
Terashi, 1997). 
 

I. Characteristics of 
binder 

1. Type of binder 
2. Quality 
3. Mixing water and additives 

II. Characteristics 
and conditions of 
soil 
(especially im-
portant for clays) 

1. Physical chemical and min-
eralogical properties of soil 

2. Organic content 
3. pH of pore water 
4. Water content 

III Mixing condi-
tions 

1. Degree of mixing 
2. Timing of mixing/re-mixing 
3. Quantity of binder 

IV Curing conditions 1. Temperature 
2. Curing time 
3. Humidity 
4.  Confining pressure 
5. Wetting and drying/freezing 

and thawing, etc. 
 
 
3.2 Characteristics of binder 
The binders used in practice are, in the majority of cases, 
cement and lime. In the Scandinavian countries, lime, ce-
ment and combination of cement and lime have frequently 
used for stabilizing local soils especially organic soils. In 
Japan, cement has been mainly used. In addition, dozens of 
binders are now available on the Japanese market (Japan 
Cement Association, 1994). Some of these developed spe-
cial binders are designed for the improvement of clay soils 
with high water content or organic soils, for which ordinary 
cement or lime is not very effective. Some other binders 
are designed for cases where the rate of strength increase 
has to be controlled for the convenience of the construction. 
These binders react slowly with soil and exhibit smaller 
strength in the short term, but result in sufficiently high 
strength in the long term in comparison with ordinary ce-
ment. Recently new type binders were developed for pre-
venting the dissolution of Cr6+ from the stabilized soils. 
The recent recycling act for the efficient utilization of in-
dustrial by-products has led to further development of 
binders (for example, Asano et al., 1996).  
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As the choice of binder is a significant factor affecting 
improvement, in terms of its relation to the characteristics 
and condition of the soil, there are many research efforts to 
find a suitable type and combination of binders for specific 
soil conditions (e.g. Okumura et al., 1974, Terashi et al., 
1977, Saitoh, 1988, Ahnberg and Holm, 1999, Esrig, 1999, 
Hebib and Farrell, 1999, EuroSoilStab, 2002). The binders 
tested are many varieties, including Portland cement, fur-
nace blast cement, quicklime, slaked lime, fly ash, gypsum 
etc. Among many research efforts, some test results are 
introduced here for lime and cement stabilization. 
 
Type of binder 
Figure 4 shows the influence of the property of quicklime 
on the stabilized soil strength, in which four types of 
quicklime (named as A to D) with different reactivities 
were tested (Okumura et al., 1974). The reactivity is an 
index to represent the rate of hydration reaction of quick-
lime. The quicklime A and B are quicklime with high reac-
tivity burned at a low temperature (about 1000 °C), while 
the limes C and D are quicklime with low reactivity burned 
at a higher temperature. The lime A has the highest reactiv-
ity among them while the lime D has the lowest. In Fig. 4, 
wi and aw represent the initial water content of original soil 
and the lime content, respectively. Lime content, aw, is 
defined by a ratio of the dry weight of binder to the dry 
weight of original soil. The figure shows that the uncon-
fined compressive strength, qu, of the lime stabilized soil is 
much influenced by the reactivity of quicklime. This phe-
nomenon is most dominant in which the strength increases 
by the limes A and B are much higher than those by the 
limes C and D.  

Figure 5 shows the influence of different type of ce-
ments on the stabilized soil strength in which Portland ce-
ment and blast furnace slag cement type B were compared 
at a curing time, Tc, of 28 days to 5 years (Saitoh, 1988). 
The tests were conducted on two different sea bottom 
sediments; Yokohama Port clay and Osaka Port clay. For 
each clay three different amounts of cement were applied. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Influence of reactivity of quicklime on unconfined 
compressive strength (Okumura et al., 1974). 
 

The cement factor, α (kg/m3), is defined as a dry weight of 
cement added to 1 m3 of original soil. The horizontal axis 
of the figure shows the curing time, Tc. The vertical axis of 
the upper figures for each clay is the unconfined compres-
sive strength, qu, of stabilized soil. The vertical axis of the 
lower figures is the unconfined compressive strength at 
arbitrary curing time, Tc, normalized by that of 28 days’ 
strength: quTc/qu28. In the case of Yokohama Port clay which 
exhibits high pozzolanic reaction, Portland cement is much 
more effective than the blast furnace slag cement type B. 
Whereas in the case of Osaka Port clay with lower poz-
zolanic reaction, the blast furnace slag cement type B is 
much more effective. It is interesting to see the quTc/qu28 is 
higher for blast furnace slag cement type B irrespective to 
the soil type. 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Ground improved with Yokohama Port clay 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) Ground improved with Osaka Port clay 
Fig. 5. Influence of cement type on unconfined compres-
sive strength (Saitoh, 1988). 
 
Amount of binder 
Figure 6 shows the relationship between the amounts of 
quicklime, aw, and the unconfined compressive strength, qu, 
in which two different marine soils were tested (Terashi et 
al., 1977). In the case of Yokohama reclaimed soil (wl of 
78.8% and wp of 39.1%), the unconfined compressive 
strength, qu, increases almost linearly with increasing the 
amount of binder, irrespective of the curing time. In the 
case of Honmoku marine clay (wl of 92.3% and wp of 
46.9%), however, a clear peak strength can be seen and 
also the amount of binder at the peak strength becomes 
larger with longer curing time.  
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 (a) Yokohama reclaimed soil  (b) Honmoku marine clay 
Fig. 6. Influence of amount of binder in lime stabilization 
(Terashi et al., 1977). 
 

Figure 7 shows the influence of the amount of cement, 
aw, on the unconfined compressive strength, qu, in which 
Kawasaki marine clay with an initial water content of 
120% was stabilized by Portland cement with various 
amounts of cement, and was tested after four various cur-
ing periods. The unconfined compressive strength increases 
almost linearly with increasing the amount of cement. The 
figure also shows that a minimum amount of cement of 
about 5% is necessary irrespective of the curing period to 
obtain improvement effect for this particular soil. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Influence of amount of cement on strength (Terashi 
et al., 1980). 
 

Figure 8 shows the influence of the amount of binder 
on the unconfined compressive strength (UCS), qu, at 90 
days after mixing in which peat from Soderhamn, Sweden, 
was stabilized by 6 combinations of binders (EuroSoilStab, 
2002). For the binder of CM12 (mixture of cement and 
blast furnace slag with 33% and 66%), CM11 (mixture of 
cement and blast furnace slag with 50% and 50%) and C 
(cement), the unconfined compressive strength increases 
almost linearly with increasing the amount of binder, as 
shown in Fig. 6.2. The figure also shows that the binders of 
CV11 (mixture of cement and Swedish fly ash with 50% 
and 50%), CV12 (mixture of cement and Swedish fly ash 
with 33% and 66%) and CV14 (mixture of cement and 
Swedish fly ash with 20% and 80%) have little improve-
ment effect for the peat. 

According to the laboratory tests on Nordic soils with 
different binder mixes, examples of the relative strength 
increase are summarized in Table 2 (EuroSoilStab, 2002). 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Influence of amount of binder on strength (Euro-
SoilStab, 2002). Binder symbols: Numbers indicate the 
proportion of different binders that include: C = cement, M 
= blast furnace slag from Sweden, V = Swedish fly ash. 
 
 
Table 2. Relative strength increase based on laboratory 
tests (unconfined compressive strength after 28 days of 
curing) on Nordic soils (EuroSoilStab, 2002). 
 

Binder Silt 
 
 
Organic 
content 
0-2% 

Clay 
 
 
Organic 
content 
0-2% 

Organic 
soils, 
clay 
Organic 
content 
2-30% 

Peat 
 
 
Organic 
content 
50-100% 

Cement xx x x xx 
Cement + 
gypsum 

x x xx xx 

Cement + 
furnace 
slag 

xx xx xx xxx 

Lime + 
cement 

xx xx x - 

Lime + 
gypsum 

xx xx xx - 

Lime + 
slag 

x x x - 

Lime + 
gypsum + 
slag 

xx xx xx - 

Lime + 
gypsum + 
cement 

xx xx xx - 

Lime - xx - - 
xxx very good binder in many cases 
xx good in many cases 
x good in some cases 
- not suitable 
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3.3 Characteristics and condition of original soil 
Soil type 
The influence of soil type on the unconfined compressive 
strength, qu, is shown in Fig. 9, in which a total of 21 dif-
ferent soils were stabilized by Portland cement at a cement 
content, aw, of 20% (Niina et al., 1981). In the figure, 
various physical and chemical properties of the original 
soils are also shown. The figure indicates that the humic 
acid content and pH of the original soil are the most domi-
nant factors influencing the strength. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Influence of soil type in cement stabilization (Niina 
et al., 1981).  
 
Grain size distribution 
Figure 10 shows the influence of the grain size distribution 
of original soil on the strength of quicklime stabilized soil 
(Terashi et al., 1977). In the test, Toyoura standard sand 
was added to two different clays so as to obtain artificial 

soils with different sand fractions. These artificial soils 
were stabilized with the same quicklime content, aw, of 5% 
and 10%. In the figure, the unconfined compressive 
strength, qu, after 7 days’ curing, is shown on the vertical 
axis. It can be seen that the unconfined compressive 
strength is influenced by the amount of sand fraction and 
has a peak value at a sand fraction of around 40 to 60%.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Influence of grain size distribution on strength 
(Terashi et al., 1977). 
 
 Figure 11 shows the influence of the grain size distribu-
tion on the unconfined compressive strength, qu, of cement 
stabilized soil (Niina et al., 1977). Four artificial soils with 
different grain size distributions were stabilized by Port-
land cement with three cement factors, α. In their tests, 
Ooigawa sand was added to Shinagawa alluvial clay to 
make various grain size distributions. Here soils B and C 
were prepared artificially by blending clayey soil A and 
sand D in order to investigate the influence of sand fraction. 
Unconfined compression tests were carried out after 28 
days' curing. Similarly to the lime stabilized soil as already 
shown in Fig. 10, the unconfined compressive strength, qu, 
is dependent upon the sand fraction and the highest im-
provement effect can be achieved at a sand fraction of 
around 60% irrespective of the amount of cement. This 
amount of sand fraction is quite close to that for the lime 
stabilized soil (Fig. 10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Influence of grain size distribution in cement stabi-
lization (Niina et al., 1977). 
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Ignition loss 
Figure 12 shows the relationship between the ignition loss 
and unconfined compressive strength, qu, where stabilized 
soils with Portland cement and blast furnace slag cement 
are plotted. In the figure, when the ignition loss exceeds 
15%, even with aw exceeding 20%, the unconfined com-
pressive strength, qu, remains low, and this indicates that 
high strength cannot be achieved within practical amount 
of binder, aw. The data plotted in the circle area represent 
the stabilized soils, which show negligible increase in un-
confined compressive strength, qu, despite increase in con-
tent of binder, aw. In these soils, the ignition loss is below 
15% but the amount of humic acid in the soil exceeds 0.9%, 
which is a higher figure than for ordinary soils.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Relation between ignition loss of soil and uncon-
fined compressive strength, qu. 
 
pH 
Figure 13 shows the relation between the pH of soil and 
unconfined compressive strength, qu. As the figure shows, 
most of the soils with pH values lower than 5 show little 
increase in strength compared with those with pH values 
higher than 5 for the same amount of binder. However, 
there are some soils in which the improvement effect is not 
lower, and therefore, compared with the amount of organic 
matter, the pH value shows a weaker correlation with the 
unconfined compressive strength, qu.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13. Relation between pH value of soil and unconfined 
compressive strength, qu (Babasaki et al., 1996) 

Figure 14 shows the influence of pH on the uncon-
fined compressive strength, qu. In the figure, the test results 
of five different soils are plotted. On the horizontal axis, a 
new parameter F is plotted to incorporate the influence of 
pH, which is defined by the following equation (Nakamura 
et al., 1980). 
 

( )pHWcF −= 9  for pH < 8 (2) 
WcF =  for pH > 8 (3) 

 
 in which 

Wc : dry weight of cement added to original soil of 1 
m3     

 
The qu value is roughly proportional to the F value 

and the relationship between the qu and F is found to be  
 
qu = 32.5 F – 1.625  (MN/m2) (4) 

 
Gotoh (1996) also proposed a similar correlation for 

volcanic ash cohesive soils, as formulated in Eq. (5), which 
contained relatively high natural water content and ignition 
loss.  
 

( )pHWcF −= 0.8'  for pH < 7 (5) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14. Effects of organic carbon content (Ignition Loss) 
and pH in cement treated soil (Nakamura et al., 1980). 
 
Water content 
The influence of the water content of original soil on the 
unconfined compressive strength, qu, is shown in Fig. 15 
(Terashi et al., 1977). Honmoku marine clay prepared at 
different initial water contents, wi, was stabilized with two 
different amount of lime and cured for 3, 7 and 21 days 
until the unconfined compression test. The maximum ef-
fects are achieved at around the liquid limit of the original 
soil, wl for short-term strength at Tc of 3 days. With in-
creasing curing time, the optimum water content shifts to-
ward the dry side. The improvement effect considerably 
decreases with increasing the water content when it ex-
ceeds the liquid limit, wl.  
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Fig. 15. Influence of initial water content on strength 
(Terashi et al., 1977). 
 

The influence of the initial water content of the origi-
nal soil on the unconfined compressive strength, qu, is 
shown in Fig. 16 for cement stabilization (CDIT, 1999). In 
the tests, two kinds of marine clays were stabilized by 
Portland cement and blast furnace slag cement type B. The 
unconfined compressive strength, qu, decreases almost 
linearly with increasing water content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) Yokohama Port clay  (b) Imari Port clay 
Fig. 16. Influence of initial water content on strength (Tc of 
91 days) (CDIT, 1999). 
 

Figure 17 shows the relationship between the water 
content, wt, the total weight of water including pore water 
and mixing water and unconfined compressive strength, qu, 
for stabilized soil with amount of cement, aw, of 10, 20 and 
30% (Babasaki et al., 1996). The results indicated by trian-
gle in the figure are test results for stabilized soil with an 
aw value of about 35%. For a specific soil, the lower the 
water content, wt, and the higher the amount of binder, aw, 
the higher the strength, qu. But as can be seen in the figure, 
even when the water content, wt, and the amount of binder, 
aw, remain the same, the difference in soil characteristics 
leads to large differences in the improvement effect. The 

figure also shows that for soils with water content, wt, 
higher than 200%, increase in amount of binder, aw, does 
not show high unconfined compressive strength, qu. There 
are some soils whose strength, qu, cannot be improved by 
increasing the amount, aw, even when their water content 
is lower than 200%. These soils usually contain a large 
amount of organic material, or else are acidic soils with 
low pH values. There is a limited data on stabilized soils 
where blast furnace slag cement has been used, but as with 
soils treated by ordinary Portland cement, when the water 
content exceeds 200%, the unconfined compressive 
strength, qu, cannot be improved by increasing the amount 
of binder, aw. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 17. Relation between total water content, wt, and un-
confined compressive strength, qu (Babasaki et al., 1996). 
 
Humic acid content 
Figure 18 shows the influence of the humic acid content of 
the original soil on the unconfined compressive strength, qu, 
(Miki et al., 1984). Artificial soil samples were prepared by 
adding various amount of humic acid to kaolin clay, in 
which humic acid of 0% to 5% of the dry weight of the 
kaolin clay was added. In the tests, these artificial soils 
were stabilized by nine kinds of binder. It is found that the 
unconfined compressive strength of the stabilized soil is 
much dependent upon the binder, but decreases considera-
bly with the increase of humic acid content irrespective of 
the type of binder.  

Similar investigation was carried out on various clays 
and gravels (Kujala et al., 1996). The investigations 
showed that the effect of humic acid was dependent upon 
the type of soil to be stabilized and was very dominant on 
the coarse grained materials and gravels. 
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Fig. 18. Influence of humic acid content on unconfined 
compressive strength (Miki et al., 1984). 
 
 
3.4 Mixing conditions 
Degree of mixing 
Terashi et al. (1977) investigated the influence of mixing 
time on the unconfined compressive strength, qu, by 
changing the mixing time of laboratory mixer in manufac-
turing laboratory specimens. In the tests, Kawasaki clay 
with various initial water contents, wi, were stabilized with 
quicklime. The vertical axis of Fig. 19 shows the strength 
ratio, which is defined by a ratio of strength of a stabilized 
soil prepared with an arbitrary mixing time to the strength 
of the soil with a mixing time of 10 minutes. The strength 
ratio decreases considerably when the mixing time is lower 
than 10 minutes, especially for the case of a smaller 
amount of lime. When the mixing time exceeds 10 minutes, 
the strength ratio increases slightly with increasing the 
mixing time. A similar tendency was found on cement sta-
bilized soil by Nakamura et al. (1982), as is shown later in 
Fig. 20.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 19. Influence of mixing time on strength (Terashi et al., 
1977). 
 
 
 

In the above description, the mixing time is an index 
to represent how sufficiently the mixing of binder and soil 
has been achieved. The degree of mixing depends not only 
on the mixing time but also on the type of mixer and the 
characteristics of original soil to be stabilized. Based on the 
past experience of Japanese alluvial clay with a water con-
tent around the liquid limit, Terashi et al. (1977) proposed a 
mixing time of 10 minutes and the use of a recommended 
soil mixer. In running the laboratory tests with different 
soils and a different mixer, a responsible engineer should 
go to the laboratory to confirm the most appropriate mixing 
time. The recent laboratory procedure standardized by the 
Japanese Geotechnical Society (Japanese Geotechnical 
Society, 2000) simply prescribes “sufficient mixing” in the 
main text and suggests 10 minutes in the supplements (see 
Appendix A). 

Figure 20 shows the relationship between the mixing 
time and the unconfined compressive strength, qu, in a 
laboratory mixing tests (Nakamura et al., 1982). The labo-
ratory mixing tests were conducted as the same manner as 
the standardized procedure (Japanese Geotechnical Society, 
2000) except the mixing time. In the tests, Portland cement 
is added to the original soil either in a dry form or a slurry 
form with a water and cement ratio, w/c of 100%. The un-
confined compressive strength, qu, decreases with the de-
crease of mixing time. The figure also shows that the 
strength deviation increases with the decrease of mixing 
time.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 20. Influence of mixing time on strength deviation 
(Nakamura et al., 1982). 

 
  
3.5 Curing condition 
Curing time 
Figure 21 shows the influence of the curing time on the 
unconfined compressive strength, qu, of various kinds of 
clay stabilized with the same lime amount of 10% (Terashi 
et al., 1977). The strength increase is much dependent upon 
the clay type even when the amount of binder is the same, 
but the unconfined compressive strength, qu, of all the 
clays increases almost linearly with the logarithm of curing 
time.  
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Fig. 21. Influence of curing time in lime stabilization 
(Terashi et al., 1977). 
 

Figure 22 shows the strength increase of cement stabi-
lized soil with the curing time (Kawasaki et al., 1981). The 
unconfined compressive strength, qu, increases irrespective 
of the soil type, and the strength increase with curing time 
is more dominant for a larger amount of binder. Similar test 
results were obtained with Portland cement or fly ash ce-
ment (Saitoh, 1988). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 22. Strength increase with curing time (Kawasaki et al., 
1981). 
 
Curing temperature 
The influence of curing temperature is shown in Fig. 23, in 
which the cement stabilized soils (Yokohama and Osaka 
clays) were cured at various temperatures for up to four 
weeks (Saitoh et al., 1980). In the figure, the strength of 
stabilized soil cured at an arbitrary temperature is normal-
ized by the strength of stabilized soil cured at a temperature 
of 20 degrees Celsius. The figure shows that a higher 
strength can be obtained under a higher curing temperature. 

This influence of the curing temperature is more dominant 
for short-term strength but it diminishes as the curing time 
becomes longer.  
 
 
 
 
 
 
 
 
 
 
 
 (a) Yokohama clay (b) Osaka clay 
Fig. 23. Effects of curing temperature (Saitoh et al., 1980). 
 
Confining pressure 
Figure 24 shows an example of the effect of preloading on 
the unconfined compressive strength of stabilized peat 
from Kivikko, Finland (EuroSoilStab, 2002). The figure 
clearly shows that the unconfined compressive strength, qu, 
increases almost linearly with increasing the magnitude of 
the preloading irrespective of type of binder. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 24. Effect of preloading on unconfined compressive 
strength (EuroSoilStab, 2002). 
 
 
4 REVIEW OF RELEVANT PUBLICATIONS, 
STANDARDS AND GUIDELINES ON FIELD AND 
LABORATORY INVESTIGATIONS 
 
The design, construction and quality control for the Deep 
Mixing method (DMM) is usually conducted by the pro-
cedure as shown in Fig. 25 (CDIT, 2002). To ensure the 
sufficient quality of the stabilized column, quality control 
and quality assurance is required before, during and after 
construction. For this purpose, quality control for the Deep 
Mixing Method mainly consists of i) laboratory mixing 
tests, ii) quality control during construction and iii) post 
construction quality verification through check boring and 
field investigations. Laboratory and field investigations are 
usually carried out before and after construction.  

Laboratory and field tests on investigation of stabi-
lized soil and DM stabilized column are introduced in the 
following section as well as the preparation procedure of 
soil sample. 
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Fig. 25. Flow chart for quality control and quality assur-
ance (CDIT, 2002). 
  
 
4.1 Preparation of soil sample 
laboratory procedure 
Laboratory mixing tests are usually carried out before con-
struction to determine a suitable type and a suitable amount 
of binder to ensure the design strength of the field stabi-
lized column. The mixing tests are also carried out to in-
vestigate the effect of factors affecting the strength increase 
as already shown in Table. 1. Laboratory strength of stabi-
lized soil is influenced by many factors of preparation pro-
cedure, such as how to make the specimen, the curing con-
dition, testing conditions. Unexpected results are some-
times encountered in the laboratory tests if specific testing 
techniques are not distributed in detail to the testing con-
sultants (e.g. Jacobson et al., 2005). To avoid these prob-
lems or to compare the strength affecting factors directly, a 
standard preparation procedure of soil sample is necessi-
tated. Conditions of mixing and curing in the laboratory 
deviate significantly from field conditions, and conse-
quently laboratory strength and stiffness will likewise de-
viate from field values. However, when planning a deep 
mixing project, a comparative laboratory investigation of 
the properties of different samples prepared with various 
binders in varying amount and after varying curing periods, 
is a useful, often indispensable aid. 

The Japanese Geotechnical Society standardized a 
laboratory mold test procedure in 1990 for producing cy-
lindrical samples for the unconfined compression test and 
triaxial test, and made a minor revision in 2000 (Japanese 
Geotechnical Society, 2000). Almost all laboratory mixing 
tests for practical and research purposes have followed this 
standard in Japan, which helps us make direct comparisons 
of many the strength affecting factors. An outline of the 
standard is described in Appendix A. In Sweden, some 
laboratory tests have been conducted according to the sam-
ple preparations recommended by Swedish Geotechnical 
Society (Westerberg et al., 2005, Åhnberg and Jphansson, 
2005). Recently EuroSoilStab Project proposed the labora-
tory procedure for test samples for stabilized column ap-
plications and mass stabilization applications (EuroSoil-
Stab, 2002). 
 

wet grab sampling 
Wet grab sampling is often adopted in United State and 
European countries as post construction quality verification 
for wet method, where the concept simply is to obtain 
samples from the treated ground before the mix reaches 
such a strength that a sampler cannot be introduced easily 
or without causing significant sample disturbance. They are 
extracted from critical depths of the stabilized columns 
with a suitable sampling tool, usually one per 500 m3 of 
stabilized soil volume or one per day. The samples are ob-
tained by lowering an empty wet grab sampling device to 
the sample depth, capturing the fluid sample, closing the 
wet grab sampling device, and bringing the sample to 
ground surface where the material is processed and placed 
into cylinders for testing. The samples are cured at a pre-
scribed temperature in standard size sample mould, cylin-
ders or cubes. Testing of the samples, as described above, 
is normally performed after 7 and 28 days of curing.  

Wet grab sampling may be faced with a number of 
systematic and logistical problems (Burke, 2005). For ex-
ample, the sampling device must be able to reach a pre-
scribed depth, take a representative sample from that depth, 
and allow it to be retrieved without contamination. This 
places great emphasis on the efficiency of the sampling 
tool and how expedient it is no introduce and withdraw. If 
the deep mixing efficiency has not been high, the presence 
of unmixed native material may prevent the sampler from 
functioning correctly, and/or from obtaining a wet sample 
whose composition is truly representative of the overall 
mixed volume. In this regard, it is typical to screen wet 
samples, prior to casting samples for testing, and screens 
with 6 to 12 mm aperture are common. The main uncer-
tainty of the wet grab sampling may be how representative 
the recovered samples are of the stabilized soil as discussed 
by Bruce et al. (2000). Curing conditions of the field stabi-
lized soil on the one hand and of the wet grab soil sample 
on the other, are different and influence the strength and 
the rate of strength increase. 
 
core sampling 
After the improvement operation, the quality of field stabi-
lized columns should be verified in advance of the con-
struction of superstructure in order to confirm the design 
quality, such as strength, permeability or dimension. Tests 
on core sampling specimen are desirable for verify the 
properties of field stabilized columns. In Japan, unconfined 
compression tests on cored samples have been the most 
frequently conducted for quality verification. In the check 
boring on the stabilized column, DM samples are taken 
throughout the depth in order to verify the continuity of the 
stabilized column. The number of check borings is de-
pendent upon the volume of the improved ground. In the 
case of on land construction, one check boring is generally 
conducted for every 3,000 m3 of improved ground at 28 
days of curing.  

The quality of core sample relies on the quality of bor-
ing machine, sampling tool and the skill of a workman. 
Otherwise low quality samples with some cracks can be 
obtained. During sampling, cracks may occur in the sam-
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pling core because of bending deformation of borehole, the 
rigidity of sampler, the locking of sampler, and the rotation 
of sampling core with sampler. A Denison type sampler, 
rotary double tube core sampler, or triple tube core sampler 
can be used for stabilized columns whose unconfined 
compressive strength ranges from 100 kN/m2 to 6,000 
kN/m2. With regard to un-homogeneity of strength in the 
stabilized column, large diameter soil samplers with di-
ameter of 86mm, 116mm, etc. were usually used.  

Figure 26 shows the relationship between the diameter 
of stabilized soil specimens on site and unconfined com-
pressive strength (Saitoh et al., 1982). The sampling was 
conducted with three diameter sizes, 400mm, 150mm and 
65mm for a stabilized organic soil column. It can be seen 
that the unconfined compressive strength, qu, of the stabi-
lized soil decreases with increasing the diameter of sam-
pler. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 26. Relationship between diameter of sampler and 
unconfined compressive strength, qu, (Saitoh et al., 1982). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 27. Relationship between diameter of sampler and 
RQD (Enami et al., 1986). 
 

Figure 27 shows an example of the relationship be-
tween the diameter of sampler and the Rock Quality Des-
ignation, RQD, value. The RQD value is a sort of index to 
express the un-continuity of sample, and is defined as the 
ratio of total length of core samples whose length exceed-
ing 10cm by the total length of core sample. It can be seen 

that the RQD value increases with increasing the diameter 
of sampler. This means that a good quality soil core can be 
obtained when a large diameter sampler is used (Enami et 
al., 1986). 

 
 
4.2 Laboratory tests 
Unconfined compression test 
The unconfined compression test is frequently carried out 
to investigate the improvement effect on soil samples ob-
tained by wet grab sampling or core sampling, or on labo-
ratory manufactured samples. The testing procedure on 
stabilized soil usually follows the laboratory test procedure 
that is established for ordinary soil. In Japan, a soil sample 
whose diameter and height are 5cm and 10cm are often 
tested by the axial strain ratio of 1%/min. Evaluation of the 
results of unconfined compression test usually concentrate 
on unconfined compressive strength, qu, and stiffness, Eu, 
and sometimes residual strength.  

A typical stress-strain curve of field stabilized soil is 
shown in Fig. 28, in which Tokyo Port clay (wl of 93.1% 
and wp of 35.8%) was stabilized by Portland cement with 
cement factor, α, of 112 kg/m3 (Sugiyama et al., 1980). In 
the figure, the stress-strain curve of the original clay is also 
plotted. It is found that the stress-strain curve of the stabi-
lized soil is characterized by very high strength and small 
axial strain at failure, while the original soil is character-
ized by small strength and large strain at failure. The com-
pressive strength, qu, is taken as the peak value. The 
undrained stiffness, Eu, is taken from the pre-failure part of 
the curve, usually the E50 value at a stress equal to 50% of 
the failure stress.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 28. Stress - strain of field stabilized soil (Sugiyama et 
al., 1980).  
 

Figure 29 shows the relationship between the axial 
strain at failure, εf, and the unconfined compressive 
strength, qu, of stabilized soils (Terashi et al., 1980). In the 
tests, Kawasaki clay (wl of 87.7% and wp of 39.7%) and 
Kurihama clay (wl of 70.9% and wp of 30.8%) were stabi-
lized by either slaked lime, quicklime or Portland cement 
in the laboratory. In the undrained shear of stabilized soils, 
the magnitude of axial strain at failure is of the order of a 
few percent and markedly smaller than that of untreated 
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marine clay. The axial strain at failure decreases with in-
creasing the unconfined compressive strength, qu. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 29. Strain at failure of stabilized soil in laboratory 
(Terashi et al., 1980). 
 

The Young's modulus of elasticity of stabilized soils is 
plotted in Fig. 30 against the unconfined compressive 
strength, qu (Terashi et al., 1977). The test data plotted in 
the figure are obtained on the specimen stabilized by 
quicklime in the laboratory. In the vertical axis of the fig-
ure, the modulus of elasticity, E50, is plotted, which is de-
fined by the secant modulus of elasticity in a stress - strain 
curve at a half of unconfined compressive strength. It can 
be seen in the figure that the modulus of the stabilized soils 
is 75 to 200 × qu when the qu is less than 1.5 MN/m2 and 
200 to 1000 × qu when the qu exceeds 1.5 MN/m2. A simi-
lar relationship was obtained for the cement stabilized soil 
as shown in Fig. 31, in which the E50 of cement stabilized 
soil is 350 to 1,000 × qu (Saitoh, 1985). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 30. Modulus of elasticity, E50, of lime stabilized soils 
stabilized in laboratory (Terashi et al., 1977). 
 
 

 
 
 
 
 
 
 
 
 
 
 
Fig. 31. Modulus of elasticity, E50, of cement stabilized 
soils stabilized in laboratory (Saitoh, 1985). 
 
Triaxial compression tests 
Triaxial compression test have been carried out for re-
search purpose and recently sometimes for quality assur-
ance in practical construction. For research purpose, Con-
solidated undrained compression tests (CU tests) and Con-
solidated drained compression tests (CU tests) are usually 
carried out to obtain the strength parameters mainly for 
FEM analysis. For quality assurance, Figure 32 shows a 
typical test results of the unconfined compression test and 
the triaxial compression test (CU test) on the core sampling 
specimen (Uchida et al., 1993). The figure shows that the 
unconfined compressive strength, qu, are largely scattered 
because of the influence of cracks. However, the shear 
strength obtained from the CU test, qmax, shows higher 
strength compared with the qu value and shows small scat-
ter of data.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 32. Comparison of unconfined compressive strength 
and triaxial compressive strength on field improved soil 
(Uchida et al., 1993). 
 
 
Another tests 
In order to strength variation in the sample in more detail, 
the fall cone test and the needle penetration tests have been 
carried out. The needle penetration tests are usually 
adopted for investigating the long term durability of stabi-
lized soil (Kitazume et al., 2003, Hayashi et al., 2003). 
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Their measurements are usually converted to the uncon-
fined compressive strength by the correlation obtained in 
advance. 

Many kinds of laboratory tests, such as tensile strength 
test, permeability test, consolidation test have been carried 
out to investigate various mechanical properties of stabi-
lized soils. Almost all laboratory tests are not specifically 
established for stabilized soils but are followed the ordi-
nary tests established for clayey and sandy soils. 

 
 
4.3 Field tests 
Many kinds of field tests have also been applied for quality 
verification together with the unconfined compression test 
as summarized in Table 3 (after Hosoya et al., 1996). Some 
of the tests are briefly introduced as follows:  
 
Direct determination of mechanical properties 
The most typical method is the Standard Penetration Test 
(SPT). It is a coarse investigation method that allows a 
hammer to fall from a constant elevation and evaluated the 
ground resistance as the numbers of blows, called as the 
N-value, counted every 1m. There are some merits to the 
SPT, which can cancel the influence of disturbance during 
sampling and determine the ground resistance on site. Fig-
ure 33 shows a typical test result of improved ground (Ni-
shibayashi et al., 1985), where the N-value and the uncon-
fined compressive strength, qu, corresponded closely, and 
qu = 1/3 to 1/4 × N is reported. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 33. Relationship between qu and N-value of deep mix-
ing soil (Nishibayashi et al., 1985). 
 

Pressuremeter tests can serve as a basis for determina-
tion of the shear strength and the compressibility of the 
stabilized column. The tests require pre-boring of a hole in 
the stabilized column into which the pressuremeter can be 
inserted.  

Geophysical tests serve as a basis for determination of 

the properties of the stabilized soil under dynamic action 
and can be used for investigation of the integrity of the 
stabilized columns and also for indirect determination of 
the deformation modulus and strength.  
 
Investigation of uniformity and indirect determination of 
mechanical properties 
CPT tests, representing conventional cone penetration tests 
are used for determination of the strength parameters and 
the continuity of the stabilized column. The CPT method 
has potential limitations compared to the stabilized column 
penetration test in terms of maintaining verticality. Due to 
the size of its point, the CPT is also only testing a limited 
proportion of the stabilized column volume. Stepwise 
pre-boring is often necessary to keep the cone test inside 
the stabilized column. Static/dynamic penetration tests, 
which are a combination of penetration and hammering test, 
are useful for stabilized soil with unconfined compressive 
strength lower than 4 MN/m2.  

A special wing penetrometer with two wing blades has 
been adopted in Nordic countries to evaluate the shear 
strength variation within the stabilized column, in which a 
probe is pressed down into the centre of the stabilized 
column at a speed of about 20 mm/s and with continuous 
registration of the penetration resistance (Rathmayer, 1996). 
The probe is equipped with two opposite vanes. Two types 
of this sounding tool are existing and their principles of 
application are demonstrated in Fig. 34.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 34. The wing penetrometer. Principles of application 
(Rathmayer, 1996). 
 

The wing penetrometer test was developed for low 
strength lime-columns. However, the higher quantities as 
well as a change from pure unslaked lime into a blend of 
lime and cement resulted into higher strength achieved 
earlier in the hydration process, which caused obvious 
limitations regarding the possibility to penetrate the col-
umns (Mattsson et al., 2005). The use of the push-down 
version can normally be used on stabilized columns with a 
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Table 3. Field tests for evaluating stabilized soil (after Hosoya et al., 1996). 
 

Method Test methods and results Comment of quality control method 
Sounding test 
 standard 

penetration 
test 

Let 67.5kgf hammer fall free from 75cm height and count 
the number of stokes (N-value) to penetrate 30cm. 

Most common method on natural soil. There is cor-
relation with unconfined compressive strength. 

 Dynamic 
cone pene-
tration test 

Let 5kgf hammer fall from 50cm height and count the 
number of stokes (Nd-value) for cone to penetrate 10cm. 

Easy transportation and operation. Practical for un-
confined compressive strength, qu of 200 to 500 
kN/m2. 

 Static cone 
penetration 
test 

Let the cone penetrate at uniform speed and measure the 
resistance ant the end and surrounding surface and pore 
water pressure in sequence. 

Applicable to measure the improvement of low 
strength stabilized soil in sequence. However, not 
applicable for firm stabilized soil. 

 Rotary pene-
tration test 

Measure the bit pressure, torque and muddy water pres-
sure by the sensor at the end of the boring rod to observe 
the soil strength in sequence. 

Greater mobility compared with core sampling and 
field strength can be measured. However, correlation 
with the unconfined compressive strength must be 
compared from site to site. 

 wing pene-
trometer test 

The wing penetrometer is push down or lifted up in the 
center of stabilized column. The measured driving or 
lifting load is converted to shear strength values of the 
stabilized columns tested. 

The tests have limited applicability to high strength 
columns. 

Test of utilizing bore hole 
 PS logging Measure the velocity of P and S waves. Then calculate 

rigidity and Poisson's ratio of stabilized soil. there are two 
testing methods, down hole method and suspension 
method.  

There is some correlation with unconfined compres-
sive strength although it is not so uniform. Suspen-
sion method is better to evaluate the stabilized soil. 

 Electrical 
logging 

Supply electric to stabilized soil and measure electric 
current and voltage through an electrode. Then calculate 
the specific resistance.  

The correlation with unconfined compressive 
strength is low. 

 Density 
logging 

Measure the gamma rays emitted from a probe inserted 
into the hole by the detector installed at a certain distance. 
Then convert the data into density. 

Since it is influenced by hole diameter and water 
inside the hole, calibration is important. there is no 
correlation with unconfined compressive strength. 

Loading test 
 Bore-hole 

lateral load 
test 

Press rubber tube toward the bore hole wall in stages and 
measure the strength and deformation modulus of stabi-
lized soil. Measurement apparatus is Pressiometer and 
LLt. 

Deformation modulus rather than strength is often 
the objective of the tests. Vertical measurement is 
costly so it is used as representative value of stabi-
lized soil. 

 Plate loading 
test 

Place a loading plate (round plate of 30cm in diameter) 
on the stabilized soil and put on load in stages. Bearing 
capacity and deformation characteristics can be obtained 
directly from the load and settlement curve. 

Bearing capacity and deformation characteristics can 
be obtained directly. However, the evaluation of 
stabilized soil is possible only down to the depth of 2 
to 3 times of (load) plate diameter. 

 Stabilized 
pile loading 
test 

Load on the top of the stabilized column through the load 
plate of the same diameter as the stabilized column. The 
bearing capacity characteristics are obtained from the 
load and settlement curve.  

Bearing capacity characteristics of a stabilized col-
umn can be directly obtained. However, testing 
equipment is costly and the number of tests available 
is limited. 

Non destructive test 
 Integrity test Stroke the top of a stabilized column with a hammer and 

measure the reflected wave of the vibration by the accel-
erometer. Length and discontinuity of stabilized column 
is measure. 

Simple method. However, evaluation standard for a 
stabilized column has not been established. 
 
 

 Elastic wave 
exploration 

Emit P and S waves to measure the velocity distribution 
of stabilized soil. In the case of stabilized soil, measure-
ment of S wave is preferred. 

Stabilized condition is measured by velocity distri-
bution of the S wave. The measurement is made in 
the bore hole and on the ground surface. Tomogra-
phy is used to improve accuracy of the test. 

Other test 
 Penetration 

test 
Use pocket type pin penetration apparatus and measure 
the penetration resistance of stabilized soil on the job site. 
Then estimate the unconfined compressive strength. 

Easy and simple method. A lot of tests can be done. 
However, only the surface of the stabilized soil can 
be tested. 
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maximum length of 8 m and with unconfined compressive 
strength lower than 300 kN/m2. In the case of longer stabi-
lized columns the probe may end up in the soil outside of 
the stabilized column. This can be avoided by pre-boring a 
vertical hole in the center of the stabilized column. 
Pre-boring should be made without percussion. By the use 
of pre-boring, the stabilized column penetration test can be 
used for stabilized columns with maximum unconfined 
compressive strength of 600 to 700 kN/m2 to a depth of 20 
m to 25 m. In the inverted, lift-up version, a probe, fitted 
with vanes equal to those used in the stabilized column 
penetration test, is attached to a wire rope placed below the 
bottom of the stabilized column while it is being con-
structed. The wire rope, which should have strength of at 
least 150 kN, runs through the whole stabilized column up 
to the ground surface. The strength of the stabilized column 
is evaluated from Eq. (6)  by measuring the resistance 
obtained (Mattsson et al., 2005)when drawing the probe up 
to the ground surface. The withdrawal should take place at 
a speed of about 20 mm/s. The choice of vane type should 
be the same as suggested for the stabilized column penetra-
tion test. As indicated, the method can be used as a meas-
ure of the variability with depth of the strength of the stabi-
lized column rather than as a direct measure of the shear 
strength.  

 
  (6) 
 
 
where 
τcol = undrained column shear strength (kPa) 
σn = net pressure on probe (kPa) 
F = net force on probe (kPa) 
N = bearing capacity factor, normally equal to 10 
A = cross section of probe in direction of sound-

ing, normally 0.01 m2. 
 
Geophysical methods have been used mainly on ex-

perimental level in order to obtain an initial overall as-
sessment of the quality of treated column. The geophysical 
tests includes integrity tests and elastic wave exploration 
test with/without bore hole, in which the strength of treated 
column is estimated by the S wave and/or P wave veloci-
ties propagating along or cross the column. The shear 
modulus of uniform elastic material is calculated from Eq 
(7) and the strength of column is estimated by the empirical 
correlation. 

 
  (7) 
 
where 
G0 = initial shear modulus (Pa) 
ρ = density of the specimen (kg/m3) 
Vs = shear wave velocity (m/s) 
 
A good correlation between the unconfined compres-

sive strength and the shear wave velocity was obtained in 
the laboratory bender element tests (Hird et al., 2005, 
Mattsson et al., 2005). However, the data in field columns 

are more complex and the quality varies within columns 
and between different columns (Mattsson et al., 2005). The 
reasons for the relatively low correlation might be (1) 
property variation in the column, (2) effect of strain mag-
nitude on the shear modulus, (3) effect of water content on 
the correlation between the shear wave velocity and shear 
strength. 

Recent development in the image processing has pro-
vided detail tomography of treated soil, which is measured 
by several techniques, such as scanning electron micros-
copy, and high-frequency electromagnetic geophysical 
technique (Butcher et al., 2005, Staab et a., 2005). Staab et 
al. (2005) developed Cross-borehole ground penetrating 
radar tomography and electrical resistivity (ER) tomogra-
phy and determined the contrast between the dielectric 
constant of soil and stabilized soil in a laboratory speci-
men.  

 
 

5 DISCUSSION OF RELEVANT PAPERS,  
SUBMITTED TO THE CONFERENCE 
 
In the session 2 of the Conference, the total of 22 technical 
papers are submitted. They can be categorized into several 
categories: binder effect, property of stabilized soil and 
design, as summarized in Table 4. The topics of submitted 
papers are discussed in the following section. 
 
5.1 Influence of binder type on strength of  
stabilized soils 
Total of 8 technical papers are submitted in the conference 
for the subject for investigating the suitable type and 
amount of binder to specific soils. 
 
Clays 
For clay soils, Lahtinen et al. (2005) performed laboratory 
tests on Finnish clays with several types of binders includ-
ing industrial by-products and found that the different ce-
ment and slag mixtures and fly ashes showed high potential 
for alternative binders comparing to commercial binders.  

Kwan et al. (2005) performed laboratory mixed tests 
on two Australia soils to study the improvement effect of 
different types of binder on the stabilized strength. They 
found that the additions of cement, cement/fly ash, and 
cement/slag into the soil matrix are able to improve one of 
soils significantly in terms of strength and compressibility. 
As the conclusion, the use of cement additive will be 
highly effective for stabilizing the soft clay in Australia. 
 
Organic and peat soils 
For organic and peat soils, Ahnberg and Johansson (2005) 
conducted a series of laboratory mixing tests to investigate 
the improvement effect on samples consisting of different 
types of binder mixed into three types of soil. They found 
that the use of cement, lime, slag and fly ash may give 
varying increase in strength with time in stabilized soils 
depending on the combination of binders chosen, and sub-
stantial long term increases in strength were observed for 
several of the binder combinations.  
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Jacobson et al. (2005) performed a series of laboratory 
mixing tests on three organic soils with different binders. 
They found that the hydrated lime and quick lime produced 
about the same mixture strength for the I-95/Route 1 soil. 
They also pointed out the influence of preparation of soil 
samples on the improvement effect in the laboratory mix-
ing tests.  

Hernandez-Martinez and Al-Tabbaa (2005) performed 
a series of laboratory tests on Irish moss peat to study the 
stabilization effect of six different cementitious materials 
on strength and stiffness after stabilization. They also per-
formed scanning electron micrographs of the stabilized 
material. They found in their tests that the cement-alone 
binder gave the highest unconfined compressive strength 
and highest elastic modulus values. The peat-PC-pfa-MgO 
(Portland cement-fly ash/pulverised fuel ash-magnesium 
oxide cements) mix produced very difficult hydration 
products.  

Hayashi and Nishimoto (2005) performed unconfined 
compression tests and an electronic microscope and X-ray 
diffraction measurements on the stabilized peat. According 
to their tests, they found that the sulfur trioxide (SO3) has 
large improvement effect, where SO3 is contained in the 
form of hemihydrate gypsum (CaSO4.0.5H2O) or gypsum 
dehydrate (CaSO4.2H2O). They proposed the content ratio 
of sulfur trioxide (SO3), aluminum oxide (Al2O3) and cal-
cium oxide (CaO), SAC ratio, (SO3+Al2O3)/CaO, to evalu-
ate the improvement effect. They also showed the uncon-
fined compressive strength, qu28, has a linear relationship 
between the SAC ratio for stabilized peat. 
 
Sulphide soils  
For sulphide soil, Westerberg et al. (2005) performed a 
series of laboratory tests to determine and compare com-
pression strength on stabilized soils produced from differ-
ent mixtures of sulphide soils excavated at the site south of 
the city of Umea in Sweden with binders. They found that 
the stabilization effect, the compressive strength, varied 
between the soil types and type and amount of binder, and 
curing time. According to their investigations, the binders 
CM70/30 (mixture of cement and slag with 70% and 30%), 
KCG33 (mixture of lime, cement and gypsum with 33% 
each) and CM30/70 (mixture of cement and slag with 30% 
and 70%) showed the highest compression strength for the 
amount of 150kg/m3.  

Andersson et al. (2005) also performed a series of 
laboratory tests on a sulphide soils excavated from a site in 
Stocke in Sweden. They found that the stabilized samples 
with binders KCG33 (mixture of lime, cement and gypsum 
with 33% each), CA50/50 and C100 showed the highest 
compression strength, and the binders CM30/70 (mixture 
of cement and slag with 30% and 70%) and CA50/50 with 
250kg/m3 gave the highest compression strength for sam-
ples from 4m depth. 

 
These research efforts succeeded to find a suitable 

type and amount of binder for specific type of soils. How-
ever, these binder are quite different from each other. The 
strength increases should be investigated not only by mix-

ing test but also from view point of chemical reaction the-
ory. Among the submitted papers, Hayashi and Nishimoto 
proposed the SAC ratio, (SO3+Al2O3)/CaO, to evaluate the 
improvement effect. It is of interested in further researches 
to investigate whether this proposal can be applicable for 
several types of soils especially organic soils world wide. 
Strength increase of field stabilized soil 
There are many research efforts to investigate the field 
stabilized soil strength and laboratory stabilized soil. It is 
well known that the field strength is usually less than the 
laboratory stabilized soil strength due to the difference in 
the mixing and curing condition in the field and laboratory. 
However, another factor, soil capacity accepting the binder 
and mixing techniques, have to be considered. 

According to the previous research efforts, the uncon-
fined compressive strength of laboratory stabilized soil 
shows negligible increase when the amount of binder is 
less than about 50kg/m3. However, when the amount of 
binder exceeds the minimum amount, the strength in-
creases almost linearly with increasing the amount of 
binder. In this sense, any high shear strength can be ob-
tained by putting large amount of binder to soils.  

In the case of field stabilized soil, the minimum re-
quired amount of binder is usually larger than that for 
laboratory stabilized soils. The shear strength of field stabi-
lized soil with less than or around of the minimum amount 
of binder shows negligible strength, and/or large un-homo-
geneity in the strength distribution. When the amount of 
binder exceeds the limited value, the strength increases 
almost linearly with increasing the amount of binder as 
similar to the laboratory stabilized soil, but the increasing 
ratio is usually less than the laboratory stabilized soil 
mainly due to the difference in mixing condition and curing 
condition. However, strength of field stabilized soil does 
not increase further and becomes almost constant when the 
amount of binder exceeds a certain value. This phenome-
non can be explained by two phenomena: limitation of wa-
ter in soil for chemical reaction with binder, and limitation 
of void in soil to hold binder. The former can be encoun-
tered in dry method, and the latter can be encountered in 
dry and wet method. The limited amount of binder is much 
dependent upon the water content of soil and void ratio of 
original soil and w/c ratio of binder. According to Japanese 
experiences for the later case, the limited amount of binder 
is about 250 to 300kg/m3 for wet mixing method. This in-
dicates that the relatively high strength cannot be obtained 
only by increasing the amount of binder, which causes 
large difference in improvement effect in the laboratory 
and field. 

For some type of mixing techniques, such as jet 
grouting or jet mixing technique, the original soil is not 
mixed with the binder in the field but replaced by the 
binder. In some techniques, high pressured air is supplied 
together with high pressured water and binder in order to 
promote to eject original soil to ground surface. These 
techniques do not produce a soil and binder mixture but 
produce a sort of concrete mortar column in the ground. 
The strength of such a column is usually of the order of 
several MN/m2 and is quite higher than the predicted by 
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laboratory mixing tests. 
These indicate that the mixing ratio of field stabilized 

soils is not always same as the laboratory mixing stabilized 
soil due to the soil and binder condition and/or the mixing 
techniques. These phenomenon should be well understood 
in order to estimate the field strength from the laboratory 
strength. 

 
5.2 Properties of stabilized soils 
Effect of confining pressure, triaxial strength and tensile 
strength of stabilized soils 
The stabilized soil in the field usually becomes solid under 
the confining pressure corresponding to the overburden 
pressure. The effect of confining pressure on the strength 
of stabilized soil has been investigated by laboratory tests. 
Hayashi et al. (2005) performed laboratory tests to investi-
gate the effect of consolidation process on the cement sta-
bilized soil during the stabilization process. They found 
that the consolidation process was much influenced by the 
magnitude and period of loading, and also by the consoli-
dation and hardening speeds. 

Balasubramaniam et al. (2005) performed a series of 
triaxial undrained and triaxial drained shear tests on lime 
treated soft clay to study the possibility of the state bound-
ary surface and associated stress-strain behavior. According 
to their tests, they found that the change of void ratio dur-
ing the isotropic and anisotropic consolidation was strik-
ingly different from the characteristics displayed by nor-
mally consolidated soft clays, but the dilatancy ration was 
somewhat similar to the normally consolidated clay. 

Koseki et al. (2005) investigated the tensile strength of 
cement treated sand by splitting tests, unconfined tension 
tests and unconfined torsional shear tests. The tensile 
strength, σt, of stabilized soil is usually obtained by Brazil-
ian tests (splitting test), and found to be about 0.15 of the 
unconfined compressive strength, qu, (Terashi et al., 1980). 
Koseki et al. (2005) found that the tensile strength meas-
ured by the unconfined tension tests was about 0.2 to 0.3* 
qu, larger than that by the conventional splitting tests, while 
it was largely underestimated by the unconfined torsional 
shear tests. 

Baker et al. (2005) performed in-situ loading tests and 
hydraulic conductivity tests on lime/cement column stabi-
lized clay. The evaluated column moduli were found in the 
order of 200 MPa, which in general was much higher than 
the values proposed by the Swedish code of practice. The 
hydraulic conductivity tests showed that the hydraulic 
conductivity of in-situ column was about 5 to 50 times 
higher than the intact clay, which was clearly smaller than 
the 200 to 600 times originally assumed for lime/cement 
columns. 

Wiggers and Perzon (2005) carried out a series of 
pull-out tests and column penetration tests on in-situ col-
umn stabilized with cement of 300kg/m3. The shear 
strength was evaluated using Boman's simplified relation-
ship and the results of the direct shear tests, in which a 
bearing factor of N=20 was derived for the predrilled col-
umn penetration tests. 
 

Relationship between shear stiffness and unconfined com-
pressive strength 
There is a theoretical relationship between the wave veloc-
ity and rigidity of material. The unconfined compressive 
strength of stabilized soil can be estimated by the measured 
velocity coupled with the experimental correlation of the 
strength with rigidity. In order to investigate the applicabil-
ity of the technique and to increase the accuracy, many 
research efforts have been conducted. In this conference, 
three technical papers concern this subject.  

Massarsch (2005) investigated the static and dynamic 
modulus of soils and showed the influence of strain ampli-
tude on the modulus. He performed a series of seismic tests 
on lime-cement stabilized columns in the field and labora-
tory and showed that the shear modulus increased with 
time after installation. He pointed out that the most impor-
tant parameter, which determined the relationship between 
the shear modulus at small strains and the undrained shear 
strength, is the natural water content (void ratio). He also 
emphasized the effect of strain amplitude on the static and 
the seismic modulus. 

Hird and Chan (2005) performed laboratory bender 
element tests to study the correlation of shear wave veloc-
ity with unconfined compressive strength of cement stabi-
lized clay. They found that the correlation was much influ-
enced by the homogeneity of the sample and the non-linear 
correlation between the shear modulus calculated by the 
shear wave speed and the unconfined compressive strength. 
This required further research efforts. 

van Impe et al. (2005) performed a series of laboratory 
tests on dredged material mixed with Portland cement and 
blast furnace slag cement, and found that the blast furnace 
slag cement was very suitable for the stabilization of the 
dredged material. The elastic modulus at small strain (E0) 
studied by means of bender element testing and the secant 
modulus at 50% of unconfined compressive strength (Es50) 
have been assessed for specimens mixed in the laboratory 
could be more or less linearly correlated to unconfined 
compressive strength. A scanning electron microscopy 
(SEM) analysis has been carried out to investigate the dis-
crepancy of "laboratory mixed" and "field mixed" samples. 
 
Long term behavior of stabilized soil and unstabilized soil 
Recently the long term behavior (strength) of stabilized soil 
is focused on and several research efforts were conducted 
(e.g. Kitazume et al., 2003, Hayashi et al., 2003). Accord-
ing to the researches, the long term strength of stabilized 
soil is characterized by the strength increase in the core 
portion of stabilized column and strength decrease along 
the periphery of stabilized column. The later phenomenon 
may be explained due to the migration of calcium ion from 
the stabilized soil. There are three technical papers submit-
ted to the conference, two of which focus on the former 
subject: strength in the core portion of stabilized column, 
while the other of which is regarding to the ground heave 
phenomenon due to the delayed ettringite formation. 

Butcher (2005) performed field trial tests on the dura-
bility of treated organic soil, and found that the shear 
strength of field stabilized soil is very low value than the 
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predicted by the laboratory mixing tests. He also found the 
un-homogeneity of stabilized column from the direct ob-
servation on excavated stabilized column. The part of sta-
bilized column with solid set binder showed that the mixed 
soil was likely to have a dosage lower than the design. The 
stabilized columns showed durable mixed soil with little or 
no signs of sulfate attack or other degradation likely to re-
duce the structural performance of the stabilized columns. 

Lofroth (2005) carried out the traditional column tests 
at Kungsbacka and found that the shear strength of the 
lime-cement stabilized columns of clay and gyttja in-
creased during the period of one year to 9.5 years after in-
stallation. He also found that the CaO content in the soil 
closest to the periphery of the stabilized columns indicated 
a migration of calcium from the stabilized columns to the 
surrounding unstabilized soil. However, this appears to be 
a slow process and in 9.5 years the spread of calcium ions 
is limited to the zone closest to the stabilized column up to 
about 50mm distance from the surface. 

Another aspect for long term behavior of cement sta-
bilized column was investigated by Katzenbach and Weidle 
(2005), where the volume increase effect of the delayed 
ettringite formation and sulphide attack on the displace-
ment of the structure. They identified the cause of tilting of 
a historical facade due to the delayed ettringite formation 
by geotechnical and geodetic measurements as well as by 
geotechnical and mineralogical laboratory testing. 

For the unstabilized soil surrounding the stabilized soil, 
Larsson and Kosche (2005) investigated the property of 
transition zone and the thin layer between the stabilized 
column and unstabilized soil. They found that the migra-
tion of calcium ions increases the undrained shear strength 
in the transition zone around the stabilized columns and the 
transition zone is approximately 30mm after 90 days inde-
pendent of the manufacturing method, binder composition 
and the addition of peptizer.  
 
5.3 Design of stabilized soil strength 
Burke et al. (2005) showed the statistical study on the un-
confined compressive strength data obtained by wet grab 
sampling and coring sampling, and discussed design 
strength of stabilized soil. He recommended that the both 
core and wet grab samples be retrieved from production 
work for testing and wet grab sampling should be done at a 
rate of one set of samples per 250m3 with a minimum of 
one sent of samples per shift, and core sampling should be 
done at a rate of one core location per 2500m3 of stabilized 
soils. 

In Japan, unconfined compression tests on the stabi-
lized column are most frequently conducted for quality 
verification; in which stabilized specimens are sampled 
from the construction site. The number of check borings is 
dependent upon the volume of the improved ground. In the 
case of on land construction, one check boring is generally 
conducted for every 3,000 m3 of improved ground at 28 
days of curing, which is quite similar number to those pro-
posed by Burke (2005).  

Navin and Filz (2005) performed a statistical analysis 
of in-situ column strength from several projects in the USA 

to determine the types of distributions that best match the 
data, values of the coefficient of variation, correlations 
between strength and soil mix parameter values and the 
relationship between unconfined compressive strength and 
Young's modulus. They found that the DM strength data 
trended to fit a lognormal distribution better than a normal 
distribution, a uniform distribution, or a triangular distribu-
tion. Regression analyses indicated that the strongest cor-
relations to unconfined compressive strength provided by 
controllable parameters were with age and water to cement 
ratio of the slurry. The relationship between the unconfined 
compressive strength and the Young's modulus were found 
about 300 for wet and dry methods. 
 
5.4 Testing method 
Staab et al. (2005) showed the application of 
Cross-borehole ground penetrating radar (XBGPR) tomo-
graphy and electrical resistivity (ER) tomography for in 
situ geoghysical measurements to evaluate the uniformity 
and presence of defects in deep mixing stabilized columns. 
The concluded that the imaging methods might be able to 
evaluate stabilized column homogeneity and detect and 
characterize defects and there appears to be strong correla-
tions between geophysical properties and strength when 
cement content is constant.  
 
5.5 Development of new technique with  
4 mixing shafts 
Yoshida and Kawashima (2005) described a new type of on 
land DM machine, which consisted of 4 mixing shafts for 
increasing the construction speed. They presented the ma-
chine development and applicability of the technique. 
Some case histories were also presented to demonstrate the 
applicability of the technique. 
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Table 4. Submitted papers in Session2. 
 

Author(s) Title Remarks 
binder effect 
    
12 Kwan et al. Behaviour of cement treated Melbourne and Southeast Queensland 

soft clays in deep stabilization works 
Australia clays with several 
types of cement based binder 

22 Åhnberg, H. and 
Johansson, S.E.   

Increase in strength with time in soils stabilised with different types of 
binder in relation to the type and amount of reaction products 

clays and organic soil with 
various types of binder 

10 Jacobson et al. Factors affecting strength of lime-cement columns based on a labora-
tory study of three organic soils 

Virginia organic soils with 
various types of binder 

8 Hernan-
dez-Martinez, F.G. 
and Al-Tabbaa, A. 

Strength properties of stabilised peat Irish Peat with various types of 
binder 

6 Hayashi, H. and 
Nishimoto, S. 

Strength characteristic of stabilized peat using different types of bind-
ers 

peat with several types of 
binder 

19 Westerberg et al Laboratory tests of stabilised sulphide soil from Northern Sweden sulphide soil 
1 Andersson et al Stabilisation of sulphide soil - laboratory and planned full-scale tests 

of soil from Umea in northern Sweden 
sulphide soil 

property of stabilized soil 
7 Hayashi et al Consolidation characteristics of the cement-treated soil in fresh state influence of confined stress on 

consolidation property 
3 Balasubrama-

niamB et al   
Strength degradation and critical state seeking behaviour of lime 
treated soft clay 

applicability of critical state 
concept 

11 Koseki et al. Comparison of tensile strength of cement treated sand by various test 
methods 

tensile testing method and 
strength 

15 Massarsch, K. R. Deformation properties of stabilized soil column influence of strain ratio on 
stiffness 

9 Hird, C.C. and 
Chan, C.M. 

Correlation of shear wave velocity with unconfined compressive 
strength of cement-stabilised clay 

relationship between stiffness 
and strength 

18 Van Impe et al. Considerations on laboratory test results of cement stabilised sludge fine grained material 
strength ratio of field and 
laboratory stabilized soils 

13 Larsson, S. and 
Kosche, M. 

A laboratory study on the transition zone around lime-cement columns dissolution of calcium ion 

5 Butcher, A.P. The durability of deep wet mixed columns in an organic soil durability (4 years) 
14 Löfroth, H. 

 
Properties of 10-year old lime-cement columns lime-cement stabilized column 

durability (10 years) 
2 Baker, S. et al. Deformation properties of lime/cement columns. Evaluation from 

in-situ full scale tests of stabilised clay 
in-situ loading tests and hy-
draulic conductivity tests 

20 Wiggers, A.G. and 
Perzon, J. 

The Lekkerkerk trial: mixed-in-place dike improvement in the Nether-
lands 

In-situ pill-out and column 
penetration tests 

testing method 
17 Staab et al Geophysical evaluation of cement-mixed columns new observational testing 

method 
design 
4 Burke, G.K. and 

Sehn, A.L. 
An analysis of single axis wet mix performance determination of design 

strength 
16 Navin, M.P. and 

Filz, G.M. 
Statistical analysis of strength data from ground improved with DMM 
columns 

statistical analysis of in-situ 
column strength 

others 
21 Yoshida, T. and 

Kawashima, M. 
Developments of the CDM-Land4 method and case histories development of new technique 

with 4 mixing shafts 
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6 FUTURE NEEDS IN RESEARCH AND  
DEVELOPMENT 
 
6.1 Effect of binder on strength of stabilized soil 
As shown in the previous section, the magnitude of the 
strength increase of stabilized soil is influenced by a num-
ber of factors, because the basic strength increase mecha-
nism is closely related to the chemical reaction between the 
soil and the binder. Many papers have proposed a simpli-
fied version of the above formula for predicting unconfined 
compressive strength of stabilized soils. However, we are 
not yet at the stage where we can predict the laboratory 
strength with a reasonable level of accuracy. Furthermore, 
there is no widely applicable formula for estimating the 
field strength, which incorporates all the relevant factors, 
because the strength of field stabilized soil is influenced by 
the mixing and curing conditions, which differ from one 
machine to another and according to specific site condi-
tions. The strength increases should be investigated not 
only by a series of mixing tests but also by consideration 
from view point of chemical reaction theory.  

The strength ratio of laboratory strength and field 
strength is of importance for mixing design. The strength 
ratio is much dependent upon the mixing condition and 
curing condition as mentioned in Table 1. Besides these 
conditions, the mixing ratio in laboratory and field caused 
by the mixing techniques should be emphasized here.  

Figure 35(a) illustrates the relationship between the 
strength and amount of binder for mechanical mixing tech-
nique. In the laboratory mixing tests, the strength increases 
monotonically with increasing the amount of binder when 
the amount of binder exceeds a certain value of about 30 to 
50 kg/m3. The volume of treated soil also increases with 
increasing the amount of binder. The field strength also 
increases with increasing the amount of binder. According 
to the accumulated experiences, the treated soil with ce-
ment less than about 50 kg/m3 has a large scatter, which 
can not be of practical use. The increasing ratio in the 
strength is usually smaller than the laboratory strength. 
This difference is caused by the difference in mixing con-
dition and curing condition. However, when the amount of 
binder exceeds a certain amount of value of about 250 to 
300 kg/m3 for the wet mixing in general, part of supplied 
binder exceeding the catch up capacity of the ground 
comes out to ground surface without mixing with the 
in-situ soil, which causes that the field strength remains 
almost constant for further increase of the amount of binder. 
Then the strength ratio becomes much low value, due to 
the difference in the mixing ratio and mixing and curing 
conditions. 

The relationship between the strength and amount of 
binder is illustrated in Fig. 35(b) for jet mixing technique. 
There are several techniques in the jet grout methods, sin-
gle, double and triple techniques. The in-situ soil is disag-
gregated by the jet and is usually lifted up to the ground 
surface. The phenomenon is dominantly observed espe-
cially in the triple technique, supplying binder, water and 
air. in which the air supplied function to lift up the in-situ 
soil due to buoyancy effect. The binder content of the field 

treated soil is usually much higher than the laboratory 
treated soil, which causes the high strength of the field 
treated soil. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) mechanical mixing technique. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) jet mixing technique. 
Fig. 35 Schematic relationship between amount of binder 
and strength of treated soil 
 
6.2 Property of stabilized soils 
The physical and mechanical properties of stabilized soils 
have been investigated by many researchers, which brings 
us to well understand the properties of stabilized soils in-
cluding strength characteristics, consolidation characteris-
tics. According to these findings, the behavior of DM im-
proved ground is recently analyzed by FEM analyses in 
which the stabilized soil is simulated by elasto-plastic ma-
terial. However, the mechanical properties of stabilized soil 
is not throughout investigated, and some properties are 
dependent upon the testing method, as exemplified by 
Koseki et al. (2005) for the tensile strength of stabilized 
soil. Further research efforts are necessitated to understand 
the physical and mechanical properties of stabilized soils 
more precisely. 

In contrast to the investigation on physical and me-
chanical properties of stabilized soils, the investigation on 
chemical properties of stabilized soils is limited. Very long 
term durability of stabilized soil becomes critical issue for 
the application to the foundation of nuclear power facilities, 
but is not clarified yet and any prediction method is not 
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established. The long term strength should be investigated 
by not only mechanical aspect but also chemical aspect, 
dissolution of calcium ion from stabilized soil. For the en-
vironmental problems, the DMM is expected to construct a 
barrier and solidified soil to prevent dissolution of con-
taminants from ground. Further research efforts are neces-
sitated to clarify the chemical properties of stabilized soils. 

 
6.3 Laboratory and field testing 
For quality assurance of field stabilized column, the 
strength of stabilized column is usually evaluated by the 
unconfined compressive strength of core samples. the im-
mediate factors on the strength evaluation, however, are 
not well understood: for example, the issue of sample dis-
turbance effect. The rotary core tube samplers was devel-
oped, which can reduce or eliminate the rotation and rock-
ing motion of the inner tube during rotary coring, and to 
reduce the sample disturbance effect. However, the sample 
disturbance effect can not be prevented yet, new sampler is 
expected to be developed to obtain high quality core sam-
ples from stabilized columns. 

As it is well known that the core sampling is much 
time consuming and expensive, suitable field testing 
method is expected to perform the strength evaluation of 
field stabilized column more rapidly and less expensive. 
There are many testing methods proposed and adopted to 
some cases. However, these methods are not still sufficient 
for evaluating the strength of field stabilized column that 
usually has a large scatter in strength. In addition, the cor-
relation of the measured data to the strength of stabilized 
soil is not sufficiently established yet. Further researches 
are required to improve the accuracy and reliability of the 
measured data and the correlation to the strength. 

 
 
7 CONCLUDING REMARKS 
 
In this present paper, research efforts on properties of 
binders and stabilized soil and field and laboratory investi-
gations are briefly introduced as well as brief explanation 
of submitted papers to the session 2 in the Conference. As 
the magnitude of the strength increase of stabilized soil is 
influenced by a number of factors, it is very important to 
accumulate and disseminate the knowledge and practical 
experience through technical papers and international con-
ferences. Author wish that this state of practice report will 
be useful to encourage the disseminating and exchanging 
the knowledge in the session and to promote further re-
search on the subjects of the Deep Mixing Method. 
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APPENDIX - A 
Summary of the Practice for Making and Curing 
Stabilized Soil Specimens without Compaction 
(JGS 0821) 
 
The method to prepare the stabilized soil specimen in a 
laboratory is standardized by the Japanese Geotechnical 
Society (2000). This standard applies to a procedure of 
making and curing a cylindrical specimen of stabilized soil 
without compacting. As the English version of the Standard 
will be presented in the proceedings of the conference, an 
outline of the standard is described in the following para-
graph. 
 For the laboratory mixing test, the original soil to be 
stabilized is sampled from the construction site. For ease of 
specimen preparation, the sampled soil is then sieved by a 
9.5 mm sieve so that large-sized articles such as shells 
and/or plant roots can be removed. An electric mixer can 
be used to make mixture of the soil and stabilizing material 
(Fig. A.1). For the laboratory mixing test, either city (fresh) 
water or seawater may be used as mixing water, depending 
on the construction condition (on land work or marine 
work). In the mixing process, the original soil is mixed 
with the water first in the mixer to obtain the 
pre-determined water content. Then the binder is added to 
the soil and mixed for about 10 minutes. The mixing time 
of 10 minutes is proposed based on the consideration of the 
well homogeneity and start time to harden. The soil mix-
ture is put into the specimen mold with the diameter of 5 
cm and the height of 10 cm. Its inside is lubricated with 
grease in advance. The soil mixture is divided into three 
layers to fill up the whole mold. After putting the mixture 
for the each layer, the mold is subjected to some vibration 
to remove air bubbles, which might be entrapped in the 
mixture. After covering the top surface of the specimen 
with a thin plastic sheet, the specimen is cured in the con-
dition of a temperature of 20 ± 3 degrees Celsius and rela-
tive humidity of 95 %. After some days' curing, the speci-
men can be removed from the mold and is cured under the 
same conditions again for the prescribed period.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. A.1. Electric mixer and mixing blade. 
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1.  INTRODUCTION 
Session 3 contains 12 papers which, although all 
observe the “Design of Deep Mixing Applications” 
theme, cover a very wide range of aspects from 
numerical and centrifuge modeling to full-scale field 
testing.  They describe applications ranging from 
road and railway embankments to harbor and port 
developments.  They cover static, dynamic and 
seismic problems.  Various types of Deep Mixing 
Methods (DMM) are employed, both wet and dry.  
Panels, columns and blocks of DMM material are 
studied.  In effect this group of papers represents a 
conference within a conference. 

The task of logically arranging these papers 
as a prelude to meaningful analysis and synthesis has 
clearly an equally diverse set of options.  However, 

 
mindful of the title of the session, the authors have 
decided to divide the papers into three major groups 
which reflect principally the application of the work.  
This provides the groups shown in the table below. 

This grouping is by no means unique and 
may not be ideal, but it does seem a logical way to 
deal with the great diversity at hand.  The relative 
number of papers in each group reflects Terashi’s 
statement (2002) that “nearly 60% of on-land 
applications in Japan and perhaps roughly 85% of 
Nordic applications are for settlement reduction and 
improvement of embankment stability by means of 
groups of treated soil columns.” 

 

 
 

GROUP APPLICATION 
COUNTRY 
OF STUDY 

COUNTRY OF  
TECHNICAL 
INFLUENCE 

AUTHORS NUMBER 

Sweden Sweden Alén et al. (model) 1 
U.S.A. Sweden Stewart and Filz 2 
Sweden Sweden Alén et al. (tests) 3 
U.S.A. Japan and Nordic Han et al. 4 
Japan Japan Kitazume et al. 5 
Japan Japan Nozu et al. 6 

Germany Germany Schwarz and Raithel 7 

A 
Stabilization of Soils under 
Embankments for Railways 
and Roads 

Germany Sweden Katzenback and 
Ittershagen 8 

 
Japan Japan Kurisaki et al. 9 B Structures on Treated Soil 

Masses Japan Japan Ohishi et al. 10 
 

Japan Japan Namikawa et al. 11 C Seismic Issues 
U.S.A. Japan Siddharthan et al. 12 
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2. EXISTING PUBLICATIONS, STANDARDS 
AND GUIDELINES 

There is an increasingly rich literature dealing with 
all aspects of deep mixing.  This was largely initiated 
by the original sponsors, designers and constructors 
of the deep mixing technologies, but has increasingly 
attracted, as at this Conference, university researchers 
whose specialties involve topics often peripheral to 
the deep mixing technology itself.  A particularly 
encouraging trend is the increasing number of Master 
and Doctoral Thesis to emerge from the Nordic 
Universities on practical, useful topics.  In addition to 
the (understandable) references to the authors’ own 
previous works, there are a number of sources which 
are somewhat frequently and generally cited in the 
papers reviewed.  These include: 
• Proceedings of International Conferences on Soil 

Mechanics and Foundation Engineering (1981-
Present). 

• Proceedings of Asian Regional Conferences on 
Soil Mechanics and Geotechnical Engineering 
(1979 – Present). 

• Proceedings of ASCE GeoInstitute Conferences 
(1997 – Present). 

• Proceedings of International Conference on Deep 
Mixing in Tokyo (1996). 

• Proceedings of National Conferences on Soil 
Mechanics and Foundation Engineering (in 
Japanese) (1980 – Present). 

• Euro soil stab “Development of design and 
construction methods to stabilize soft organic 
soils,” Design Guide (2002). 

• Reports from Swedish Geotechnical Institute 
(1975 – Present), e.g., Carlsten P. (2000) 
“Handbook for lime and lime-cement columns.” 

• Report “Lime and Lime Cement Columns,” by 
Swedish Geotechnical Society (1997). 

• Reports from Port and Harbor Research Institute, 
and Public Works Research Center, Japan (in 
Japanese). 

• “The Deep Mixing Method: Principle, Design 
and Construction,” (Coastal Development 
Institute of Technology) (2002). 

• Proceedings of Deep Mixing Workshop, Tokyo 
(2002). 

• CEN TC 288 “Execution of special geotechnical 
works – deep mixing” (2002) 
Clearly it is impossible to provide a synopsis of 

the vast amount of data enclosed in these and 
countless other publications.  The authors also find it 
difficult to better the excellent synopsis provided by 
Hansbo and Massarsch elsewhere in this conference, 
when referring to the main objectives and aspects of 
the prEN 14679 on Deep Mixing: 

“The object of design is to make sure that the 
ground treated fulfills the requirements for the 
intended purpose of deep mixing.  Supported 
structures shall be fit for use during their intended life 
with appropriate degree of reliability and sustain all 
actions and influences that are likely to occur during 
execution and use.  Iterative design, based on a 
follow-up of the results obtained by testing during the 
execution period, is an important part of the design. 

The requirements for serviceability and ultimate 
limit states are to be specified by the client.” 

“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 unfavorable 
combinations of loads, which could occur during 
construction and service.” 
 
 
3.  DISCUSSION OF RELEVANT PAPERS 
Session 3 offers an insightful look at promising new 
methodologies for the design and analysis of 
embankments and structures founded on treated soil.  
In this collection of papers, the Deep Mixing 
community of practice demonstrates a deep 
understanding of the fundamental nature of the 
internal stability of treated soil.  Through numerical 
and centrifuge model studies, and by instrumented 
full-scale test sections, practitioners are developing 
new tools to more realistically depict the true 
behavior and fate of soil cement columns under 
service loads.  A synopsis of the theme of each paper 
follows. 

Nozu et al. studied the value of placing DJM 
columns at the toe of an  embankment to reduce the 
stress induction and settlement caused by the 
embankment loading.  The test soil was soft clay and 
the binder mix used was 100% Normal Portland 
Cement, applied at 140 kg/m3, yielding unconfined 
compressive strength of 182-189 kPa.  Tests were 
conducted on one row and two rows of 
interconnected columns that were installed in wall 
configurations at the embankment toe.  The authors 
observed reduction in both adjacent ground 
settlement and lateral spread of the embankment, and 
that the magnitude of the benefit was greater with 
greater number of rows.  The authors recommended 
that columns used as wall-type countermeasures 
should be installed down to the bearing stratum; that 
walls should consist of two or three rows; and that 
columns should possess a specified strength and 
stiffness. 
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Han et al. studied the factors that influence 
the deep-seated stability of column-supported 
embankments.  They examined the effects of strength, 
spacing, and size of the columns, cohesion and 
thickness of the soft soil, and friction angle and 
height of the embankment fill.  They compared the 
results of stability analysis using Bishop’s simplified 
method to those obtained using the Fast Lagrangian 
Analysis of Continua, Version 4.0 (FLAC2D), 
modeled as shown in Figure 1.   

 
Figure 1.  Numerical Analysis Model of the 

Baseline Case (Han et al., 2005) 
 

Bishop’s method yielded higher factors of 
safety than the numerical method, and the authors 
report that numerical methods might be more 
representative of the soil-structure interaction than 
limit equilibrium methods.  Figure 2 depicts one 
example of the results from this parametric study, 
showing the influence of column strength on factor of 
safety. 

Figure 2.  Influence of Column Strength on 
Factor of Safety (Han et al., 2005) 

 
Stewart and Filz conducted a numerical 

parameter study for column-supported embankments 
to examine the factors that affect the soil-column 
load transfer.  A significant contribution is their 
proposal of terminology that can be used as a 

common language to describe the load transfer 
between columns and soil.  Their numerical analysis 
was conducted using FLAC.  The results of 
parameter variation are reported in terms of their 
effect on the “column stress ratio,” or CSR, defined 
as the ratio between the stress on top of the column to 
the average applied embankment stress at the level of 
the top of the column. Key findings include the 
observation that, where no column failure occurs, 
CSR values increase with increasing column modulus 
and increasing embankment height.  Once column 
failure occurs, CSR values decrease with increasing 
embankment height. 

The companion papers by Kurisaki et al. and 
Ohishi et al. present the results of centrifuge and 
numerical modeling studies investigating the bearing 
capacity and failure mechanisms of block treated soil.  
Study results by Kurisaki et al. clearly showed the 
generation of a wedge-shaped yield region beneath 
the footing, as seen in Figure 4, and the development 
of a shear plane rather than the occurrence of cracks.  
In the study, the authors found that an elasto-plastic 
simulated the centrifuge model tests in terms of the 
yield bearing capacity and load-settlement 
relationship.  

 

 
Figure 4.  Deformation of ground after the tests 

(Kurisaki et al., 2005). 
 

Ohishi et al. used the centrifuge and 
numerical analysis to study the failure of an earth 
retaining structure founded on block treated soil.  
They found that the block-type improved ground was 
found stable even when the internal stability by the 
current design method was not satisfied.   They 
concluded that current design procedure could 
underestimate the true bearing capacity of block 
treated soil.  In the paper, the authors also reviewed 
current design protocol for gravity structures on 
block treated soil and recommend appropriate 
reductions in allowable column shear strength to 
compensate for uncertainties in material properties. 
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Alén et al. monitored four column-supported 
test embankments for settlement.  They found that 
current Swedish practices for estimating column 
settlement over predicted the observed settlement.  
The authors attributed this to underestimation of the 
column modulus and erroneous assumptions 
regarding load distribution between the columns and 
the natural soil.  They also concluded that their data 
support the assumption of equal strain throughout the 
treated zone and reported inferior quality in the upper 
two meters of the columns.  

In a companion paper, Alén et al. propose a 
new model for calculating settlement beneath a 
column-supported embankment.  The authors use a 
simple, relevant approach based on Boussinesq’s 
solution for an infinite half sphere to describe the 
stress distribution in a soil/column matrix.  The 
model is meant to complement more rigorous design 
tools, such as numerical modeling, and the author 
recommends that more testing and evaluation must be 
performed before the model reaches final form. 

Kitazume and Maruyama used centrifuge 
modeling to investigate failure patterns of 
embankments supported on column rows.  They 
found that a collapse failure pattern, Figure 5, in 
which interconnected column walls distorted and 
collapsed like dominos, was the most critical failure 
mode.  The resulting bending moments in the column 
wall exhibited a varied moment distribution pattern at 
ground failure.  Stability calculations based on simple 
shear of the improved area due to unbalanced active 
and passive earth pressure for the collapse failure 
pattern yielded a better fit to the physical model data, 
Figure 6.  The authors caution that conventional 
analysis often overlooks this failure pattern, thereby 
overestimating the external stability of the system.     
 

Figure 5.  Collapse failure pattern of DMM 
improved ground (Kitazume et al., 2005). 

 
 
 
 

Figure 6. Relationship between embankment pressure 
at ground failure and width of improved area 

(Kitazume et al., 2005). 
 

During earthquake loading, dynamic earth 
pressures can be transmitted to improved ground 
walls.  Namikawa et al., examined the ability of 
lattice-shaped ground improvement, Figure 7, to 
withstand the associated external shear and tensile 
forces.  The authors conducted three-dimensional 
finite element analysis using the dynamic effective 
stress analysis code (Shiomi et al., 1993), and 
modeled the cement-treated soil by an elasto-plastic 
formulation to express post-peak strain softening and 
tensile failure.  Their results showed that, although 
tensile failure occurred at the corner of the improved 
grid, the lattice-shaped walls continued to reduce 
excess pore pressure in the unimproved sand deposit. 
 

 
 

Figure 7.  Two grids improved ground in a line 
(Namikawa et al., 2005). 

 
For mitigation of liquefaction potential in 

granular soils, Siddharthan et al. investigated the 
spatial limitation of deep mixed columns on 
reduction in pore water pressure increase during 
earthquakes having magnitude 6.5-8 for loose sands 
and silts.  Using a two-dimensional effective stress 
program, they found that the maximum beneficial 
effect was near the ground surface, and that the 
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benefits of soil treatment were limited to a zone equal 
to three column diameters from the edge of the 
treated area.    
 Katzenbach and Ittershagen conducted field 
tests to investigate the speed-dependent dynamic soil-
structure interaction of railway lines founded on soft 
soil to assess the benefit of soil treatment in the 
reduction of long-term track deformations.  Their 
field measurement data showed that the RMS-Values 
(Root Mean Square) of the ground oscillations were 
lower for constant speed trains on improved soil.  
Numerical back calculation analyses were then 
conducted on the field data to develop a design tool 
that could be used to predict the results for different 
natural soil characteristics and soil treatment patterns.  
They concluded that use of the RMS-Value is a 
practical and useful index.   
 Schwarz and Raithel provided a case study 
for the combined use of Mixed-in Place columns with 
geogrid to stabilize and reinforce soft organic soil, 
having an organic content of 25 to 80%.  To upgrade 
a railway line for higher speed traffic, the rail loads 
were distributed to a more competent bearing layer 5 
to 8 m below the ground surface.  In all, 3,260 
columns were installed, each having 0.63 m diameter, 
and in a square 1.5 m x 1.5 m grid.  The binder 

consisted of water, cement, and bentonite. The 
authors also provide a description of the theoretical 
bearing and deformation behavior and their design 
calculation methods.   
 
 
4. ASPECTS OF WET AND DRY MIXING 

(ADVANTAGES AND LIMITATIONS, 
TECHNICAL AND ECONOMIC) 

This being a design-oriented session, the papers 
reviewed do not primarily contain a great deal of 
information on the particular aspects of dry and wet 
technology.  Indeed, in most cases, each paper is 
written in full (implicit or explicit) support of deep 
mixing as a general technique and without 
comparative analyses of competitive technologies.  
Thus it may be theorized that little new is added to 
the basic store of knowledge on this particular aspect 
already established through previous conferences 
(e.g., Tokyo 1996, Stockholm 1999, and New 
Orleans 2003) and existing reports and overviews 
(e.g., FHWA 1999-2000, SGI (2000), and CDIT 
(2002). 

The following synopsis is provided as the 
basis for the subsequent review: 

 

PAPER ADVANTAGES AND DISADVANTAGES TECHNICAL AND ECONOMIC ISSUES 

1 
LCC used for stabilization of soft soils under 
embankments over 3 decades.  Development of 
design practice needed. 

New model for calculation of settlements 
presented, for “floating columns.”  Supported 
by field observations. 

2 

“No clear agreement on design methodology,” 
although “trends disclosed by the analyses” are 
presented.  Two methods used for analysis (effective 
stress parameters for DMM columns). 

DMM “increasingly being used in U.S. to 
support new embankments over deposits of 
soft soil.”  Pressure cells responded quickly to 
fill placement levels (at top of columns). 

3 

LCC columns considered for foundation stabilization 
for high speed railway and road development.  LLC 
columns “inferior” in quality in upper 2 m. 

Results of four test embankments can be 
related to numerical model (Paper 1).  
Research backing from several interested 
parties made available. 

4. 
Columns can fail due to shearing, bending, rotating, 
or tension or a combination.  Comparison of 2D finite 
difference and Bishop’s method provide differences. 

Bending strength is much lower than shear 
strength.  Paper only addresses groups of 
columns. 

5 

Design procedure for DJM columns produced (1999).  
However, various possible failure modes exist.  
Further research on failure mechanism and evaluation 
of stability for each pattern necessary.  Current design 
method overestimates external stability. 

Failure embankment pressure for 
improvement ratio of 0.56 almost same as for 
0.28. 

6 

“Design method for DJM wall is not well established 
yet.”  Low embankments are considered (≤ 4 m). 

The need to install 2 or 3 rows of columns, 
full depth to bearing stratum, as 
recommended, may raise overall cost of a 
DMM application. 
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PAPER ADVANTAGES AND DISADVANTAGES TECHNICAL AND ECONOMIC ISSUES 

7 

Due to lack of previous experience – and recognized 
design guides –  “individual approval” had to be 
obtained from authorities.  Excellent performance 
attained. 

Use of wet “MIP” method.  Excellent data on 
quality control results and monitoring data. 

8 

Very systematic and relevant testing provides 
excellent design baseline data. 

Consolidates value of field and numerical 
tests.  Strong collaboration with Swedish 
research confirmed also strong input from 
“related” fields, e.g., railroad engineering 
dynamics. 

9 
and 
10 

Uses industrial waste products in DM.  Strong, basic 
design rationale provided for a very important 
application of DMM.  Performance (load-settlement) 
can be adequately predicted. 

Very clear analysis of failure modes permits 
heavy structures on treated soil.  Focuses on 
advantages of low strength DMM.  Value of 
centrifuge testing underlined. 

11 

Provides strong support for use of lattice DM patterns 
in seismic applications (three dimensional effective 
stress analyses).  “Partial failure” can be permitted 
while still preventing liquefaction. 

Provides examples of actual successful 
performance.  Provides strong design basis. 

12 
Parametric study (two dimensional effective stress 
program) conducted which may support effectiveness 
of DMM in seismic applications. 

 

 
The main observations are as follows: 
 
1. Despite the recent wave of norms, standards, 

and guidelines there is still a general feeling 
that there is no single, totally applicable design 
methodology.  In this regard the work of 
Stewart and Filz is very significant (Paper 2), 
in that it provides solid data on the 
fundamental load transfer mechanisms as does 
the work of Alén et al. (Paper 1) and Kitazume 
et al. (Paper 5).  It is not a helpful situation for 
the industry when proponents have to obtain 
“individual approvals” for specific projects as 
our German colleagues were obliged to do 
(Schwarz and Raithel, Paper 7). 

2. Nevertheless, variants of both wet and dry 
methods are commonly used with great and 
documented success on a variety of 
embankment support projects throughout the 
world.  This must reflect technical 
performance, the cost effectiveness and a high 
degree of quality control and assurance (e.g., 
Figure 11 from Paper 7). 

3. Developments in technology are affording 
designers significant opportunities to offer 
very responsive schemes by being able to 
provide target DMM properties with good 
consistency. 

4. Otherwise, it is clear that there remains a 
strong and growing market for deep mixing 

technologies — appropriately designed, 
constructed and verified — for construction in 
and over very soft ground, for both static and 
dynamic loading conditions. 

 

 
Figure 11.  Unconfined compressive strength 

(Schwarz and Raithel, 2005). 
 
5. There is an increasingly impressive body of 

information derived from full-scale, 
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instrumented test sections, as noted in Section 
6 of this Report.  Given the ever-improving 
analytical techniques developed by researchers, 
the onus should be on researchers to monitor, 
record and document all the site conditions 
and circumstances as thoroughly as possible so 
that future generations will have a mine of 
accurate and comprehensive information into 
which to delve, and from which to eventually 
draw definitive conclusions which will permit 
reliable design methodologies to be properly 
derived. 

6. Jet grouting and deep mixing technologies 
have the potential to produce similar materials 
in situ, i.e., “soil-cement,” “soilcrete,” “treated 
soil,” and so on.  However, there appears to be 
a growing tendency to equate this product with 
the two, distinctly different, technologies 
which produce them, namely mixing and jet 
grouting.  We should not automatically assume 
that these two processes do in fact produce the 
same product, or that the significant 
differences in the techniques permit us to 
assume equivalency of performance.  
Therefore, it is prudent to consider, separately, 
design rules for deep mixing, and design rules 
for jet grouting, allowing that there are indeed 
commonalities in the basic principles and 
resultant properties. 

7. In certain soil types, prewetting of the ground, 
in advance of dry mix methods, may be 
necessary, even through conventional wisdom 
may suggest that there is sufficient moisture 
content in the soil. 

8. The design of deep mixing in dynamic and 
seismic conditions calls upon extremely 
sophisticated approaches.  However, based on 
the type of approaches described in Papers 8 
(Katzenback and Ittershagen) and 11 
(Namikawa et al.) in particular, there is 
justified confidence that design approaches 
can be logically optimized. 

9. In many cases the significance of “mixing 
number,” or “blade rotation number” has been 
pointed out in other papers in this conference 
as a prime contributor to treated soil strength 
and homogeneity.  Designers must pay special 
attention to this since this critical factor, 
classically described in Tokyo (1996) should 
be a fundamental consideration in design, 
given its ramifications. 

10. The increasing popularity of “mass 
stabilization” techniques merits close attention.  
Designers must ask whether the results 

obtained by Mass Stabilization are indeed 
comparable to those attained by “column” 
methods and, therefore, if the fundamental 
design assumptions are equivalent.  There 
seems little doubt that Mass Stabilization is a 
technique of considerable potential in 
appropriate conditions.  If its growth does truly 
accelerate, then it is essential that its design 
basis is solid. 

11. Several papers remind us that DMM 
technologies can usefully employ “industrial 
waste products.”  This has been exploited in 
Finland and Japan, in particular, for years, but 
nevertheless does provide a most interesting 
prospect especially in countries (such as 
China) where DMM technologies have such 
enormous economic potential. 

12. Equally, Paper 9 (Kurisaki et al.) confirms that 
a goal of DMM treatment is not necessarily to 
achieve high strength:  “When a construction 
involves excavation of improved ground, or 
when a construction involves pile or sheet pile 
driving in the improved ground, the low 
strength improvement is far superior to the 
ordinary high strength improvement.” 

13. In order to properly validate design 
assumptions, it is essential that material testing 
protocols (either in the lab or in the field) are 
standardized.  The paper by Jacobsen et al. in 
this conference notes that the results from two 
different firms, presented with the same 
samples, gave a four-fold difference in 28-day 
strengths (Figure 2).  This difference was 
related to air drying and rewetting of the soil 
prior to mixing with binder.  The same Paper 
illustrates the potential benefit of “contour 
plots” (Figure 7) of strength with various 
binder rates.  The companion paper provides 
added support (and guidance) for the trend to 
look at statistical analyses of strength data.  
However, it is a fact of life in deep mixing that 
typical coefficients of variation of strength are, 
naturally, high.  (Range 0.17 to 0.75.)  This is 
a fundamental design challenge. 

14. Although the focus of our studies is primarily 
technical, the paper by Rydberg and 
Andersson (2005) illustrates that there is 
another very important dimension that 
designers must address — life cycle 
assessment, to evaluate the environmental 
impact.  It is not unreasonable to assume that 
such studies will become increasingly 
common — and relevant — in years to come, 
especially in “First World” countries. 
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Figure 2.  Test Results from Two Different 

Laboratories, on Nominally Identical Samples 
(Jacobsen et al. 2005). 

 
 

Figure 7.  Contour Plots of 28-day Unconfined 
Compressive Strength (kPa) for State Route 33 

(Jacobsen et al. 2005). 
 
15. As always, the discerning reader must 

distinguish between what has been written, 
and what actually represents current and viable 
practice.  The papers in this conference 
provide a classic illustration of opposite ends 
of the spectrum in terms of what is truly 
understood, and what is executed as if by rote, 
but is known to perform in an acceptable 
fashion.  The same reader must also decide 
which of the techniques or approaches are 
truly representative of reasonable and 
sustainable practice, and which are otherwise 
— namely concepts projected from limited 
laboratory testing or numerical analyses or 
techniques applied once in a field test program 
and later found to be neither technically 
successful, nor economically viable. 

 
 

5.  APPLICATIONS AND CASES 
ILLUSTRATING THE TOPIC 
A potentially large market exists in the United States 
for the economical application of deep mixing 
technology to improve the stability and settlement 
problems inherent with constructing highway and 
flood control embankments founded on soft soil.  
Cali et al. present an example of such an application 
in their Session 5 paper.  Here deep mixing 
technology was proposed to improve slope stability 
of a 610 m long Mississippi River flood control levee 
to be constructed in conjunction with a proposed new 
ship lock, Figure 8.  Other projects planned by the 
U.S. Army Corps of Engineers include construction 
of 255 km of new flood control levees in coastal 
Louisiana.  These embankments would be built 
predominantly in marsh environment, where the 
foundation conditions consist of soft organic clay and 
peat.  Conventional construction methods require 
multi-lift earthwork placement, allowing long 
intervals for foundation consolidation to occur.  As 
well as being expensive, this method requires more 
borrow material for construction of stability berms, 
further damaging the fragile coastal marsh 
environment, and delays the protection against 
hurricane flooding. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.  Using DM for flood control levee 
construction in coastal Louisiana, USA 

(Cali et al., 2005) 
 

 Similarly a comprehensive study is being 
undertaken in the Netherlands to assess the possible 
application of deep mixing to improve the stability of 
Dutch river dikes, as shown in Figure 9 from the 
paper by Wiggers and Parzon (2005). 
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Figure 9.  Mixed-in-Place Dike Improvement 

(Wiggers and Perzon, 2005) 
 
6. DIVERSITY AND LIMITATIONS IN 

RELATION TO GEOLOGY, EQUIPMENT 
AND TRADITION 

As documented in other sessions of this conference, 
developments continue to be made in aspects of Deep 
Mixing relating to equipment, materials and 
processes.  However, it is fair to say that these 
developments typically represent incremental 
improvements on well-established principles 
observed in distinct regions.  So, for example, 
technological modifications to the dry DMM market 
in Nordic countries revolve around the use of new 
“binder” material, or the concept of prewetting in 

countries such as the U.S. where Nordic practices are 
being introduced in less than ideal or typical soil 
conditions.  Japanese developments explore the 
combination of jet grouting and traditional DMM 
methods, or seek to modify practice to minimize 
movement of adjacent soil masses or structures.  
Chinese developments appear to be focused on 
optimizing the effectiveness of productivity of older 
Japanese origin systems, and on accelerated 
construction processes.  In all cases, strong emphasis 
continues to be placed on QA/QC aspects and, for 
example in the U.S., on developing statistically-based 
acceptable strength criteria. 

Nevertheless, it would still seem that design 
methodologies lag behind these other more practical 
aspects:  this weakness is deterring the growth of 
DMM techniques in certain countries, especially in 
Western Europe and North America as noted by 
Druss and Yang (2005).  The more recent advances 
in design methodology, as illustrated by the papers of 
this session, are described elsewhere in this Report.  
The following table summarizes key factors relating 
to diversity and limitations as reflected in the papers. 

 

PAPER SOIL TYPE DM* 
METHOD 

COUNTRY OF 
EXECUTION 

COUNTRY 
OF TECHNICAL 

INFLUENCE 
NOTES 

1 Soft clay DRE Sweden Sweden New mathematical model 

2 Soft clay; mc varied 
40-150% DRE U.S.A. Sweden Numerical analyses 

3 Soft clay; mc = 70-
80% DRE Sweden Sweden Four test embankments 

4 Soft clay DRE U.S.A. Japan and Nordic Numerical analysis 
5 Very soft clay DRE Japan Japan Centrifuge testing 

6 Soft clay; mc = 43% 
for centrifuge DRE Japan Japan Centrifuge testing and 

field instrumentation 

7 

Very soft organic 
clays; mc = 80-330%, 
organic contents 25-
80% 

DRE Germany Germany Field instrumentation 

8 Soft organic clay DRE Germany Sweden Field tests 

9 and 10 Soft clay; mc = 127% WRE Japan Japan Numerical analyses and 
centrifuge 

11 Liquefiable soils WRE Japan Japan Numerical analyses 

12 Loose sand WRS/ 
WRE U.S.A. Japan Parametric study 

*  Refers to the classification of FHWA (2000) below. 
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The following observations are offered: 
 
1. Fundamental research, in the form of 

numerical analyses, centrifuge testing, 
laboratory (model) testing and full-scale field 
testing, is focusing on very soft cohesive soils, 
often with high organic contents.  This very 
simply and clearly reflects areas of design 
deficiencies.  Perhaps most impact, as 
measured by the value of the results, appears 
to be made by centrifuge testing and by full-
scale field tests and instrumented sections. 

2. Whereas DRE techniques for use in these soft 
clays (e.g., Lime Cement Columns or DJM) 
predominate in Asia and the Nordic countries, 
developments by French and German 
contractors seem to be focusing on wet 
methods (e.g., Colmix, MIP). 

3. Activity remains high in those countries 
reflecting the traditional origins of the 
technology namely Japan and the Nordic 
countries, and in those countries most 
influenced by these practices for almost two 
decades (e.g., U.S.A., China).  Expansion of 
DMM into other countries seems to depend on 
the efforts of entrepreneurial contractors, 
exporting traditional methods into classic 
applications, e.g., Nordic DRE into Malaysia, 
Holland, Vietnam, United Kingdom; European 
WRE or WRS into Australasia. 

 

4. Predictably, the technology leaders in terms of 
understanding basic principles, leading to 
rational design approaches are: 
• Column-supported embankments:  Nordic 

countries, Holland, U.S.A. 
• Seismic applications:  Japan. 
• Dynamic loading:  Japan and Germany. 
• Block stabilization:  Nordic countries and 

Japan. 
• Properties:  U.S.A., Nordic countries, 

Japan. 
5. Mass stabilization techniques as practiced in 

Finland and Sweden, represent a relatively 
new arm of DMM, and are attracting 
considerable investigation.  This trend will 
continue given the economic benefits of the 
concept. 

 
7. BEST PRACTICE RECOMMENDATIONS 
It would seem that despite the rapidly increasing 
quantity and quality of technical papers dealing with 
design related aspects of DMM, there are still issues 
which are not completely resolved.  However, in the 
authors’ opinion, there is much that can truly be 
considered recommended practice, including: 
 
1. Design protocols for column supported 

embankments, with and without the use of 
geogrid reinforcement.  Excellent research 
detailed in this conference can be used to 
support older papers, especially by Nordic 
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practitioners, and published guidelines such as 
those produced by the Euro soil stab program, 
and CEN. 

2. Similarly the design of support of heavy 
structures (e.g., harbor walls) is greatly 
advanced by the efforts of Japanese 
researchers and Japanese public agencies. 

3. Seismic and dynamic design remains 
extremely complex, but appears to be most 
effectively addressed by the Japanese school, 
and by European researchers involved in high 
speed rail projects. 

4. Several papers illustrate the value of results 
from full-scale field tests and instrumented test 
sections.  These papers also provide clear 
guidance on the planning and execution of 
such tests.  The fact remains, however, that 
schedule and economic restraints often prevent 
a full engineering analysis being conducted 
from the mass of information generated by 
such tests.  The authors recommend that 
academic researchers be encouraged to focus 
future studies on these full-scale tests, as 
opposed to on numerical or lab-scale tests 
(useful so they may be).  This will require 
closer and more pragmatic collaboration 
between the various parties and an end to the 
reluctance by certain owners or contractors to 
make the test data available. 

5. Many disputes in DMM projects revolve 
around the issue of the actual in situ strength 
achieved, and its variability.  This issue is 
addressed in other sessions.  However, it does 
have a fundamental influence on design 
assumptions and approaches.  Certain papers 
in this session clearly illustrate what, for many 
practitioners outside of Japan and the Nordic 
countries, has become regular and routine, 
namely the use of filtered statistical analyses 
of strength data.  It is also necessary to observe 
standardized laboratory and field testing 
protocols.  

 
 
8.  FUTURE NEEDS IN RESEARCH AND 
DEVELOPMENT 
A field as diverse as deep mixing has many research 
and development needs.  Sharing of knowledge and 
experience by the deep mixing community of practice 
in conferences such as Deep Mixing ’05 brings to 
focus the commonality of design issues.  The number 
of papers that are prefaced by a welcome review of 
theoretical behavior, failure mode, and load transfer 
exposes a need among practitioners for a better 

understanding of the basic physics of soil-column 
interaction and practical design methodology.  
Concise, comprehensive design manuals are needed.  
More projects should be instrumented and the data 
disseminated as widely as possible for analysis or 
discussion by the community of practice.  There is 
always a need for more reliable quality assurance and 
quality control testing methods.  Column uniformity 
and strength are recurring topics of concern among 
the papers presented at this conference.  High quality, 
reproducible testing instills confidence among project 
designers and planners, who in turn recommend 
wider adoption of innovative construction methods.   
 
 
9.  CONCLUSIONS 
Much can be learned from careful study of the twelve 
excellent papers in Session 3.  However, sessions 
should not be regarded as independent since the 
papers from all six sessions are ultimately interrelated.  
Conferences such as Deep Mixing ’05 bring together 
the deep mixing community of practice in their 
common interest in the same way that the body of 
literature that comprises the proceedings ties together 
the common principles of ground improvement. 
 This session also reminds us not only of the 
vast amount of information on DMM design 
currently available, but also the rate at which it has 
grown since the DMM conferences of 1996 and 1999.  
In the late 1990s it was a feasible task to contemplate 
a “state of practice” review (e.g., FHWA, 2000) that 
could be both comprehensive and contemporary.  
Today, there is no way that such a study could satisfy 
either criterion.  This is very healthy for the industry, 
and clearly illustrates that DMM, although well 
established as a ground improvement and treatment 
technique of choice internationally, is still growing, 
vigorous and evolving.
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ABSTRACT: This state of practice report presents an overview of the research and practice into stabilisation/solidification 
(S/S) of contaminated materials including waste and contaminated soils. The report starts with an introduction to the S/S of 
contaminated materials, considers current relevant regulations and presents recent publications and guidance documents. It 
covers typical binders and implementations techniques used, testing and performance assessment, binder-contaminant 
interactions and environmental impact. It then presents two case studies one of a commercial application and the other of a 
major research programme, both in the UK. It then presents suggestions for future research and development work and 
concludes with the current status and future research needs. 
 
1 INTRODUCTION 
 
1.1 General introduction 
Stabilisation/solidification (S/S) treatment methodologies 
have been widely used over the past three decades 
particularly in the United States (Conner 1990, LaGrega et 
al. 1994) where S/S is now an established treatment 
methodology. S/S has been used to treat hazardous waste, 
residues from treatment processes and contaminated soils. 
Such methodologies have been mainly used to treat 
inorganic contamination but more recently some organic 
contamination has also been successfully treated (Conner 
1990, Al-Tabbaa and Stegemann, 2005). Initial treatments 
were carried out ex-situ but more recently in-situ treatments 
have also been applied (Harris et al. 1995a&b, Evans et al. 
2001). The use of deep mixing in the in-situ 
stabilisation/solidification treatment and remediation is 
relatively recent. Most deep soil mixing applications to 
contaminated materials have been carried out using the wet 
mixing method. Stabilisation, with chemical admixtures, for 
ground improvement purposes (Sherwood 1993, Hausmann 
1999) can be correlated with S/S treatments of waste and 
contaminated ground due to many commonalities in terms 
of binders and implementation techniques used.   
 Stabilisation/Solidification (S/S) treatments include a 
wide range of similar processes that usually involve mixing 
inorganic cementitious binders, such as Portland cement, 
into the waste or soil to transform it into a new, solid, non-
leachable material. The treated waste product encapsulates 
potentially hazardous contaminants, reducing contact 
between the waste and any potential leachant. In addition to 
encapsulation, various waste-binder interactions and 
chemical effects occur that lock contaminants into the 
product, further reducing the potential for pollutant transfer 
into the environment. Binders are usually selected 
according to some mix design criteria which depend on the 

application, which could be landfilling, redevelopment of a 
contaminated site or reuse as aggregate in construction. 
Overviews of the basics of S/S technologies can be found 
elsewhere (Conner 1990, LaGrega et al. 1994, Harris et al. 
1995a&b, Evans et al. 2001). 
  The sustainable management of hazardous wastes and 
contaminated land is now a fundamental aim of 
environmental legislation throughout the western world. 
Stabilisation/Solidification (S/S) has emerged as a cost-
effective and fast method for the treatment of certain 
hazardous wastes and contaminated land. Immobilisation of 
contaminants in the ground using S/S treatment is emerging 
as viable and economic because of its advantages over other 
containment and remediation methods. None of the other 
remediation methods are completely effective and typical 
characteristics such as heterogeneity in soil and 
contaminant conditions, particularly in made ground soils, 
pose serious problems. Stabilisation/solidification is a 
remediation method, which without removal of the 
contaminants, prevents their further spreading and hence 
offers an immediate solution. It also offers rapid 
implementation of the treatment hence enabling immediate 
redevelopment of contaminated sites or reuse of waste 
materials. In addition, it is a cost-effective remediation 
method which is competitive with all other remediation 
methods including landfilling. 
 
1.2   Legislation 
The use of S/S treatment is compatible with EU legislation. 
The recent EU Landfill Directive (European Council 
Directive 1999) will have a significant impact on the waste 
management in Europe. In particular, it will ban the co-
disposal of hazardous and non-hazardous wastes and place 
bans or restrictions on the landfilling of liquid wastes and 
some other materials. The end of co-disposal and the 
associated requirements contained in the Landfill Directive 
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mean that some form of waste treatment prior to landfill is 
likely to be increasingly required. An EU Technical 
Adaptation Committee (TAC) has set acceptance criteria 
for different classes of landfill and this will determine the 
degree of pre-treatment required. S/S technologies will 
almost certainly represent the most cost-effective treatment 
method available for major types of industrial wastes that 
are predominantly inorganic, and will likely be an option 
for organics as well. 
 The use of S/S is compatible with EU approaches to 
the remediation of contaminated land. In the UK this is 
based on Part IIA of the Environmental Protection Act 1990 
(DoE 1995), based on the principle of risk management and 
suitability for use. There is a legacy of contaminated 
industrial sites throughout the world that require some form 
of treatment before they can be either redeveloped or 
otherwise re-used. This has become increasingly important 
in recent years, as greater environmental awareness and 
growing pressure on land resources have brought about the 
protection of greenbelt and agricultural land. The UK 
government has stated that it requires the construction of 
2.4 million new homes by the year 2016, 60% on 
brownfield sites (Urban Environment 1998). This has 
placed the onus firmly on the re-development of land 
originally used for industrial purposes. However, as a result 
of past usage, increased levels of pollution within the soil 
and groundwater may preclude the site from immediate 
construction activity. Some type of ground remediation is 
therefore required, the choice of which is governed by 
performance, speed and economics.  
 
 
2  BINDERS 
 
Binders that have been used in the stabilisation/ 
solidification of contaminated material include cement, 
blastfurnace slag, pulverised fuel ash, lime, clays (both 
natural and modified), bitumen and waste products 
(LaGrega et al. 1994, Al-Tabbaa and Perera, 2005a).  
 
2.1 Cement 
Cement is frequently employed as the binder in S/S of 
contaminated materials, be it as a means of pre-treatment 
prior to disposal to landfill or treatment of contaminated 
land. Various types of cements have developed over time 
but the most commonly used for S/S is Portland cement 
(PC), with calcium aluminate cement (CAC) also being 
considered in some work (Conner 1990, LaGrega et al. 
1994). In cement-based stabilisation the contaminated 
material is mixed with the cement and water added. In some 
cases water would not be needed if the treated material 
itself contains sufficient water. Immobilisation is achieved 
by physical entrapment of the contaminants within the 
cement paste matrix and/or by the reaction of the 
contaminants directly with the compounds formed during 
hydration (Harris et al. 1995a). Cement-based stabilisation 
is best suited for inorganic wastes, in particular those 
containing heavy metals (LaGrega et al. 1994). For 
example the metal cations may be retained in the form of 

insoluble hydroxide salts within the hardened structure as a 
result of the high pH of the cement. Some of these metals 
are likely to be bound in the matrix due to chemical 
fixation, whereas others are immobilised due to physical 
encapsulation.  
     Although inorganic wastes are best suited to PC, some 
inorganic compounds strongly affect the setting, strength 
development and final strength of the binder (Taylor 1990). 
Organic contaminants can be more problematic by 
interfering with the hydration process. Thus the final 
strength is reduced and stabilisation impaired due to the 
reduction in the formation of the crystalline structure 
resulting in a more amorphous material (LaGrega et al. 
1994).  
     Additives, such as pulverised fuel ash (PFA) and ground 
granulated blastfurnace slag (GGBS), are sometimes used 
as partial replacement material for cement (Stegemann & 
Shi 1997, Stegemann et al. 1997, Al-Tabbaa & Evans 
1998). Other binders such as calcium sulphoaluminate 
cement (CSA) have also been investigated (Blue Circle 
Industries 2001). 

2.2 Blastfurnace slag 
Blastfurnace slag is obtained from the manufacture of pig 
iron and contains silica, alumina and lime (Neville & 
Brookes 1993). There are many types of slag mentioned in 
the literature, with little attempt to distinguish between 
them (Harris et al. 1995a). Slags are not the same as 
pozzolans, in that the nature of the reactions and the 
reaction products are different (Harris et al. 1995a) and 
hence, the ability to react with and bind contaminants also 
differs. Ground granulated blastfurnace slag (GGBS), 
which is the type most available in the UK, is classed as a 
latent hydraulic cement with compositions broadly 
intermediate between pozzolanic material and Portland 
cements (Taylor 1990).  
     The hydration of slag is initiated when lime provides the 
correct alkalinity, but subsequent hydration does not rely on 
lime. Reactivity depends on factors such as bulk 
composition, glass content and the fineness of the grinding 
and the relationship between composition and glass content 
is quite complex (Taylor 1990). GGBS is available as a 
separate ingredient to be added to treatment systems at the 
point of mixing either alone or with other binders, and as 
blends in various proportions with Portland cement. 
Because these could be used as partial replacement material 
for cement, they bring about cost savings on treatment. 
Further, work by Allan and Kukacka (1995) has shown that 
blastfurnace slag in grouts with PC and bentonite has 
stabilised soils contaminated with trivalent and hexavalent 
chromium, whereas normally the hexavalent chromium 
needs to be reduced to its less toxic and less mobile 
trivalent form prior to solidification.  

2.3 Pulverised fuel ash 
Pulverised fuel ash (PFA) is a synthetic pozzolana created 
by the combustion of coal. Generally two types of PFA 
exist, namely low-lime PFA and high-lime PFA. The UK 
ashes are generally classified as low-lime PFA. The 
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material consists mostly of glassy, hollow, spherical 
particles called cenospheres. PFA can be described as a 
siliceous and aluminous material which on its own 
possesses little or no cementitious value. However, in a 
finely divided form and in the presence of moisture it will 
chemically react with lime to form compounds possessing 
cementitious properties (Neville & Brooks 1993). Lime is 
needed to promote the pozzolanic reactions. However, not 
all types of PFA exhibit good pozzolanic properties (Harris 
et al. 1995a). The reactivity appears to depend upon the 
nature and proportion of the glass phase present (Dhir 
1986). The stabilisation effect of PFA relies on the 
formation of calcium silicate gels which gradually harden 
over a long period of time to form a stable material (Harris 
et al. 1995a). Although slow to harden, the hydration 
products may be similar to those of PC (Taylor 1990), 
indicating PFA’s potential as a binder.  
    PFA-lime products containing waste possess favourable 
leaching characteristics, especially for wastes containing 
heavy metals, where the metal ions may be chemically 
bound to the hydrate complexes. It is thought that the 
unburned carbon content in PFA generally acts as a sorbent 
for certain wastes including organics (Barth et al. 1990, 
LaGrega et al. 1994). Thus, PFA may be suitable for the 
stabilisation of both inorganics and organics. However, in 
general PFA-lime solidified waste products are less durable 
and have higher leaching rates than those containing 
cement (Harris et al. 1995a). 
     PFA is frequently used together with cement, with the 
amount of replacement depending on the requirement of the 
end product whether concrete or an S/S product. When used 
as a replacement material, PFA affects both the solid and 
paste phases of PC by producing a complex interaction 
within the fresh system (Dhir 1986). PFA also plays a 
multiple role in the hydration of blended cement systems. 
The hydration itself is similar to that when the materials are 
considered separately except for certain variations. The 
hydration reactions are initially retarded by the presence of 
PFA due to Ca+2 and SO3

-2 from PFA combining to form 
additional gypsum which retards the C3A hydration reaction 
(Dhir 1986). However, PFA can accelerate the hydration of 
the silicate phases, especially C3S, because the surfaces act 
as additional sites for nucleation of the calcium silicate 
hydrates (CSH) (Taylor 1990). The pozzolanic reactions of 
PFA in the mix are promoted by the CH produced from the 
hydrating OPC. The CSH gel produced generally has a 
lower Ca/Si ratio than for PC and this is attributed to the 
lowering of the Ca+2 in the pore solution. 

2.4 Lime 
Although several forms of lime exist, generally it is only 
quicklime (calcium oxide) and hydrated lime (calcium 
hydroxide) that are used as binders. Quicklime, which 
exists either in granular or powder form, is produced from 
heating chalk or limestone, and hydrated lime, which is 
generally available as a fine, dry powder, is produced as a 
result of the reaction of quicklime with water. In dolomitic 
lime magnesium replaces some calcium and grey 

(hydraulic) lime produced from impure forms of calcium 
carbonate may contain some clay (Sherwood 1993).  
    The materials generally treated using these limes are 
fine-grained soils, ranging from clayey gravels through to 
clays, and some industrial byproducts such as fly ash 
(Buxton Lime Industries 1990).  However for the purpose 
of S/S, lime is used to control the pH of the waste form so 
as to keep the metals in the range they are least soluble, 
with a compromise being needed on pH control when 
several metals are present (Conner 1990). However, due to 
the difficulty in controlling the pH, lime is generally used 
with other reagents such as cement, PFA and carbonate 
ions. Additives such as hydrophobing agents, surfactants or 
silicates are used to improve properties and reduce 
permeability (Conner 1990). Lime can also be used to treat 
wastes containing components such as alumina and silicates 
which react with the calcium in lime to give materials with 
cementitious properties (LaGrega et al. 1994). However, in 
general the main processes involving lime in S/S are 
lime/clay and lime/PFA processes (see above).  

2.5 Clays 
Bentonite is classed as a clay which is formed by the 
decomposition of volcanic ash. It is characterised by the 
clay mineral montmorillonite which is a dioctahedrical 
smectite and is chemically classified as a hydro-alumino-
silicate (Weinmann 1998). The hydration of bentonite 
particles produces a suspension with a gel-like structure 
(Spooner et al. 1984). Bentonite has high water absorption 
potential, swelling properties and a significant cation 
exchange capacity (CEC) due to its large surface area, thus 
having a high capacity for the adsorption of contaminants. 
Further, it has a small particle size, which helps in reducing 
the permeability, high liquid and plastic limits, which 
provide a flexible material, and a high base exchange, 
which is advantageous when treating heavy metals. 
Bentonite has good adsorption characteristics for heavy 
metals, radioactive substances and polar molecules. 
Therefore, bentonite is a suitable material for the 
immobilisation of many contaminants. However, the 
presence of organic and inorganic chemicals in 
contaminated groundwater may have detrimental effects on 
the ability of bentonite to contain contaminants (Spooner et 
al. 1984).  Although suitable as a binder in its own right, 
bentonite is generally used with other binders, especially 
cement, for treating contaminants. 
    Organophilic clays are produced from natural clays by 
increasing their adsorptive capacity by chemical treatment. 
This is accomplished by various reactions such as 
adsorption, ion exchange and intercalation. The 
modification process is achieved by replacing the inorganic 
cations (sodium, calcium, magnesium) within the clay 
crystalline structure with organic cations, such as 
quaternary ammonium salts (LaGrega et al. 1994). These 
have an affinity for other organic molecules which are 
absorbed and then widen the interplanar distance in the 
presence of organic contaminants. Although these clays can 
be used alone to remove certain contaminants, they are 
more effective in treating wastes when used together with 
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conventional binders such as cement. In the latter scenario, 
the organophilic clays are ideally mixed with the waste first 
and allowed to absorb the organic contaminants prior to the 
addition of an S/S binder which is used to encapsulate the 
material within the monolithic mass (LaGrega et al. 1994). 
In some cases other reagents such as co-precipitating, redox 
potential modifying and hydrophobic agents are added 
(Harris et al. 1995a). 

2.6 Bitumen 
Bitumen occurs in natural asphalt or can be obtained from 
petroleum and consists mainly of hydrocarbons. It can be in 
the form of a solid or viscous liquid. However, bitumen in 
its natural form is too viscous and has to be made more 
fluid prior to use in S/S. There are typically two such fluid 
forms of bitumen that are used, viz. cutback bitumen or 
bitumen emulsion (Sherwood 1993). Cutback bitumen is a 
solution of bitumen mixed in paraffin and/or diesel and 
bitumen emulsion is a suspension of bitumen particles in 
water.  In both cases the bitumen is deposited on the waste 
material. In the first, this occurs when the solvent 
evaporates and in the second, when the emulsion breaks 
down. Bitumen however acts as a binding agent and does 
not react chemically with the material like cement and lime. 
Therefore bitumen simply sticks to the particles and thereby 
forms a fairly water tight material. Sherwood (1993) classes 
bitumen as a primary stabilising agent along with cement 
and lime.  

2.7 Waste binders 
Certain materials that might be considered as waste have 
been investigated as chemical binders because of their 
capacity to sorb various contaminants and also their low 
cost. Examples of such materials which have been tested 
include granulated tyre, wood shavings, straw and used peat 
(Kershaw & Pamukcu 1997, McKay & Porter 1997, Ajmal 
et al. 1998). 
 
 
3  IMPLEMENTATION PROCESSES 
 
There is a wide range of available process technologies 
based on in-situ and ex-situ operations. In-situ (or in-place) 
operations refer to all processes taking place within the 
ground including locations such as lagoons while ex-situ 
operations refer to all processes taking place away from the 
original contamination location either on-site or off-site 
(Conner 1990, LaGrega et al. 1994, Harris et al. 1995b, 
Evans et al. 2001). The selection of the appropriate S/S 
implementation process depends on a wide range of factors 
which include, amongst others, waste characteristics, 
material handling and processing, objectives, regulatory 
requirements, and economics (Wiles et al. 1989).  
  
3.1 Ex-situ processes 
Commercial ex-situ mixing can involve one of three main 
methods: plant processing, direct mixing and in-drum 
processing (Conner 1990, LaGrega et al. 1994, Harris et al. 
1995b, Evans et al. 2001).       

     Plant processing: In plant processing the 
contaminated material is mixed with the appropriate binder, 
and other additives if necessary and in some cases after 
some form of pre-treatment, and the treated material is then 
placed at its final disposal site. The mixing plant could be 
fixed (off-site) or mobile (typically on-site) and is designed 
specifically for this purpose or adapted from other 
applications such as concrete batching and mixing. A 
schematic illustration of a typical ex-situ S/S system is 
shown in Figure 1. The mixing is carried out with 
mechanical mixers using either batch or continuous 
processes. In a batch process the required amount of 
contaminated material and binder(s) are added and blended 
for a fixed amount of time. In a continuous process the 
contaminated material and binder(s) are added and blended 
continuously. The required contact time for this process is 
achieved by controlling the feed and mixing equipment. 
The final disposal location could be on-site or off-site. On-
site would typically mean that the blended material is 
placed back in its original location, compacted using 
suitable plant and left to cure in-place. 
     Direct mixing: Direct mixing involves the transport of 
the contaminated material to a designated final disposal 
area, which could be on-site or off-site. The material is 
spread out in layers along with the binder(s) and is mixed 
in-place using appropriate mechanical equipment. The 
blended material is then compacted and left to cure in-
place. 
     In-drum processing: In in-drum processing the 
binder(s) is added to the contaminated material which is 
placed in a drum or similar container which initially acts as 
the container for the mixing and then for setting and 
hardening. Once hardened the treated material along with 
the drum are disposed of together. Normally the mixing 
paddles are left in the drum after mixing and are also 
disposed of. 
     There are subtle differences between those three mixing 
methods. This is mainly based on the type of plant, 
contaminated material being handled and method of 
disposal. Generally, a batching plant, e.g. Belmix 50 as 
shown in Figure 2, is needed for the processing of the 
contaminated material, the installation of which could be 
fixed or mobile. The handling capacity of the fixed 
installation could vary from small to large and the mode of 
operation could be batch or continuous operation. Generally 
the smaller handling capacity installations are batch 
processing plants and as the plant becomes larger the 
process involves changes from batch to continuous feed. An 
example of a fixed plant is shown schematically in Figure 3 
for the treatment of electric arc furnace dust. 
     However, the system may be different for wastes which 
are pumpable, and also in the case of contaminated soils 
and other such contaminated material, where the material 
will be stored as stockpiles instead of in silos. These fixed 
installations will normally have their own peripheral plant, 
equipment and storage, and would accept a wide range of 
contaminated material for treatment. The mobile plants on 
the other hand are becoming more popular with the increase 
in ex-situ  treatment on-site. These usually comprise of a  
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Figure 1. Schematic diagram of a typical ex-situ S/S system (Harris et al 1995a) 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Batching and mixing operation (Jardine & Johnson 2000). 
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treatment unit and the chemical storage, metering, and 
mixing equipment necessary to mix the contaminated 
material with the binders and discharge to a holding or 
disposal area (Conner 1990). The plant might comprise of 
components for the purpose of getting the contaminated 
material from its location, homogenising it and transporting 
it to the treatment unit. 
     The plants for handling pumpable contaminated 
material and non-pumpable contaminated material are 
generally different from each other as can be seen in 
Figures 4 (a) and (b) respectively. However, there are 
mobile plants which accommodate both liquid and solid 
contaminated material with some modification being 
incorporated to suit either type. 
     The mode of delivering the material to the plant is 
different depending on the plant type, form of the 
contaminated material and available equipment. In the case 
of pumpable material the feed could be directly pumped, 
but the waste may need to undergo some modification if 
being taken to a fixed installation for treatment. For non-
pumpable material the waste may be delivered to the 
receiving point of the plant by means such as backhoe, 
front loader, clamshell bucket or dumped directly by 
tipping lorries and then the material conveyed into the 
mixer (if the mixer is not the receiving point).  
     Several types of mixers exist for the purpose of mixing 
the contaminated material, binder and water. One such type 
is the pugmill and examples are shown in Figure 5. In such 
a mixer, if the process is being performed as a continuous 
operation, the residence time required for mixing is 
obtained by opening and closing the dam gate at the exit, or 
by controlling the drive speed. Further, there are variations 
in the design of the blades to achieve improved mixing. 
     Once treated, the material is pumped, in the case of 
pumpable material, directly to the disposal area, 
conveyed/deposited directly onto dumper trucks which will 
transport it to the disposal site or conveyed onto stockpiles 
for collection and disposal. In the latter two scenarios the 
treated material may be disposed off in landfill, spread and 
compacted at a designated area or in some cases re-used as 
a construction material. 
     In most ex-situ S/S treatment cases pre-treatment in the 
way of screening is required to prevent the larger lumps 
from entering the system to avoid damage to the mixer type 
equipment. These may be crushed and screened again or 
are kept separate for disposal to landfill.    
      Each of the methods described above has its own 
advantages and disadvantages. Plant processing is 
generally the preferred method for ex-situ mixing as it 
ensures adequate mixing and reduces release of particulates 
and vapours. It can also accommodate a high rate of 
production, typically ranging from several hundreds to 
several thousands of cubic meters per day. Direct mixing is 
suitable for treating contaminated soils or high solids 
content contaminated material, but is not suitable for 
treating liquid-like contaminated material. This method 
requires a relatively large land area and also poses the 
greatest risk in terms of the generation of dust, vapour and 
odour. In-drum processing is suitable for treating toxic and 

radioactive material and gives the added protection of 
being carried out in a container thus avoiding direct contact 
with the environment in the shorter term. However, the 
integrity of the drum is not considered in the longer term 
and hence might disintegrate with time in the disposal site. 
The rate of production is relatively low in this process 
when compared to the other two methods. 
     Another selection criterion is cost. A typical exercise 
carried out to depict the relevant costs involved in the 
treatment operation for different approaches such as in-
drum, plant mixing pumpable and unpumpable, and area 
mixing showed the costs to be £180, £31, £38 and £30 per 
tonne respectively (Harris et al. 1995a). This exercise 
assumed the same reagent mix comprising 30% Portland 
cement and 2% sodium silicate, and process capacities and 
production rates typical of field applications were utilised 
for all the scenarios and that disposal was on site. The cost 
was based on 2586 tonnes being treated by each process. 
The costs comprise of only reagent, labour and per diem, 
equipment rental, used drums (for the in-drum process), 
and mobilisation – demobilisation. 
 
3.2  In-situ processes 
In-situ mixing methods can involve one of two processes: 
mechanical mixing and pressure mixing (Conner 1990, 
LaGrega et al. 1994, Harris et al. 1995b, Evans et al. 2001). 
 
3.2.1 Mechanical mixing  
This approach utilises equipment such as mixing augers, 
backhoes and blenders or mixers:  
     Mechanical mixing using augers: Mechanical 
mixing using augers results in the formation of monolithic 
contaminated material-binder columns by mixing the 
binder with the contaminated material in-place using 
hollow mixing augers. The columns are usually either 
constructed in an overlapping configuration to ensure 
complete treatment of the contaminated area or to form a 
barrier wall around a contaminated site. 
    Soil mixing can be deep or shallow. Deep mixing is 
usually carried out using augers while shallow mixing can 
be carried out using one of a number of equipments 
including augers, backhoes, blenders or mass stabilisation 
tools. Deep mixing augers are hollow and are either single 
or multi-shafted, with a diameter ranging between 0.6 and 
1.2m and can mix contaminated material down to a depth 
of up to 35m.   
     The augering process is generally carried out in two 
stages. Firstly, the auger is advanced into the soil or 
contaminated material at a predetermined rate to the 
desired depth resulting in the break-up and mixing in-place 
of the soil. Secondly, the rotation of the auger is reversed 
as the auger is withdrawn, while continuing to mix the soil. 
Injection of the grout, usually in the form of slurry, can be 
carried out either during the first, second or both of the 
above stages followed by continuous mixing of the grout 
with the soil. With some auger head blade designs, the 
reversal of the auger rotation achieves additional 
compaction. Further, in some cases additional cycles of 
advancement and withdrawal are applied to further break  
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Figure 3. Schematic diagram of an electric arc furnace dust treatment plant (Conner 1990).  
 
 
 
 
 
 
 

 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
       (a)   (b) 
Figure 4. Schematic diagram of a typical mobile treatment unit for (a) pumpable waste and (b) non-pumpable waste (Conner 
1990). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Pugmills with different blade designs (British Cement Association 2001, Cheeseman 2001). 
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  (f)      (g)   (h) 
 
Figure 6. Typical examples of different shallow and deep mixing augers and auger head designs: (a) May Gurney (May 
Gurney 2001), (b) Bachy Soletanche (Bachy 1999), (c) Hercules (Hansson et al. 2001), (d) Keller Ground Engineering 
(Keller Ground Engineering 2001), (e-f) Geo-Con (Geo-Con 1991) and (g-h) SMW Seiko (SMW Seiko 1997). 
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down the soil and/or improve the blending between the 
binder and the contaminated material. The major system 
components such as delivery of grout are automatically 
controlled to ensure precise delivery. Most soil mixing 
applications for the purpose of S/S treatment have been 
performed using wet binders, although some dry mixing 
work has been carried out. Typical examples of the 
different configurations of deep soil mixing augers and set-
ups available worldwide are shown in Figure 6.  
     Those mixing augers are generally the same or quite 
similar to those used for the stabilisation of uncontaminated 
soils. The main objective is usually to minimise or even 
eliminate the transportation of any contaminated material 
to the surface. Another objective is to ensure homogeneous 
mixing of contaminated material which is many cases is 
extremely heterogeneous and contains extraneous objective 
e.g. in some made ground which could contain bricks, 
metal and plastic pipe sections, glass and broken bottles, 
etc. 
 
Mechanical mixing using backhoes, blenders and 
mixers: Shallow soil mixing also includes the use of 
Backhoe, blenders and mixers. The backhoe, an equipment 
readily available and commonly used in the construction 
industry, has been used for the in-situ mixing of wastes in 
lagoons and shallow contaminated soils for many years. In 
this process the reagent is introduced to the surface of the 
waste by pneumatic or mechanical conveyance, where it is 
mixed using the backhoe. The process maybe repeated until 
sufficient reagent is added to produce an acceptable solid. 
However this process, which is fairly crude, produces dust 
and the mixing is generally not very thorough. As a result 
of the latter, this method is not recommended for work 
where fixation is required (Conner 1990).   
     Another variation to the backhoe is the in-situ blender 
(Figure 7(a)), where a mechanical excavator arm is fitted 
with a rotary mixing head where an aggressive mixing 
action can be produced with relatively slow rotational 
speeds. Similarly the binder is supplied separately but the 
lack of proper mixing and loss of reagent due to dust saw 
the development of more sophisticated binder feed and 
mixing systems which have been incorporated onto the 
backhoe arm (Conner 1990). Figure 7(b) shows a 
schematic view of one such modified system in which the 
hollow tubes convey the binder below a sludge waste 
surface. This minimises dust and in turn maximises binder 
usage. The rest of the assemblage mixes the binder into the 
waste as it is moved. Another injection system is shown in 
Figure 7(c) where the end of each injection tube has a 
motor-driven mixer assembly to achieve better mixing. The 
reach and working depths in these systems are restricted by 
the size and power of the backhoe. 
     Other in-situ injection/mixer types suitable for shallow 
lagoons and contaminated soil areas include the two 
systems shown in Figures 7(d) and (e) (Conner 1990). The 
first, Figure 7(d), has a hollow tine injector which is 
mounted on a tractor and pulled through the waste (like 
tilling a field). This is suitable for situations where high 
energy mixing is not required. The second system, Figure 

7(e), which is also mounted on a tractor uses a rotary tiller 
to achieve more thorough mixing. This is suitable for 
situations requiring high energy mixing. Both these 
systems are suitable for stabilising high solids systems. 
     With liquid-like contaminated material, for example that 
present in lagoons, mechanical mixing is carried out in the 
location of the contaminants using appropriate equipment 
such as backhoes and draglines. The material once treated 
is left in place to set or once sufficiently hardened is 
excavated and transported to landfill, the former being the 
typical scenario.  
     There are also a number of specialised machines. For 
example O’Keefe Soil Remediation in the UK uses 
specialised machinery to stabilise soils, especially clays, by 
direct mixing either in-situ or ex-situ once the soil is laid in 
place.  The usual process is to spread the dry binder on the 
soil and then to use the machine’s mixing drum to mix it 
into the soil, while the soil is cut and pulverised (O’Keefe 
Soil Remediation 2001). Additional binders are then added 
and mixed in a similar manner, if required and the treated 
soil is then compacted. In order to overcome the problem 
of airborne dust, the machine was modified. The modified 
machine, Wirtgen WR2500 (Figure 7(f)), was extended in 
length to accommodate a four-tonne hopper in the middle 
to feed the binder right in front of the milling drum 
(Construction News 1998). This modified machine was the 
first of its kind in the world with other similar machines 
being produced thereafter in other European countries 
(Construction News 1998). 
 
3.2.2 Pressure mixing 
This method is similar to conventional grouting and 
involves injection of binders under pressure directly into 
the contaminated material. However, this method has not 
been developed on a commercial scale. This is due to the 
difficulty in ensuring even permeation of the treatment 
grout into the ground and the fact that depths in excess of 
2m are usually required to ensure that there is sufficient 
overburden pressure to withstand the injection usually 
required (Harris et al. 1995b, Evans et al. 2001).      
    
 
4  TESTING AND PERFORMANCE ASSESSMENT 
 
4.1 Introduction 
There is a range of test methods available for the 
assessment of S/S materials and also the treatment itself. 
The most commonly used tests, include leachability, 
unconfined compressive strength (UCS), permeability, 
durability and a number of leaching tests. Leaching is one 
test that is specific to S/S contaminated materials. Most if 
not all other tests usually performed are common for both 
stabilised contaminated and uncontaminated materials. Full 
details of the wide range of testing available for S/S 
material if given in Perera et al. (2004 and 2005a). 
      From a number of case studies investigated, it is clear 
that performance criteria selected varies depending on the 
management scenario of the end S/S material. 
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Figure 7. Examples of in-situ S/S equipment using backhoes, blenders and mixers: (a) Blender (British Cement Association 
2001), (b) schematic of an in-situ injection type backhoe system (Enrico Inc) (Conner 1990), (c) in-situ injection type 
backhoe system (Harmon Environmental Services Inc.) (Conner 1990), (d) hollow tine injector mounted mixer (Conner 
1990), (e)  rotary tiller type mixer (Conner 1990) and (f) Wirtgen WR2500 soil recycling machine and variable depth 
granulating and mixing drum (O’Keefe Soil Remediation 2001). 
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A summary of test methods, performance criteria used and 
end-use of the treated material in a number of commercial 
projects in the UK are given in Table 1. Full details of those 
case studies are given elsewhere (Al-Tabbaa & Perera 
2005c).  
 
4.2 Leaching tests 
Leaching tests are conducted to examine mass transfer from 
the S/S material to a liquid (termed the leachant before 
contact with the solid, and the leachate afterwards). 
Depending on the characteristics of the contaminated 
material and the surrounding environment, the leachant 
may flow through the contaminated material, maximising 
contact between the leachant and solid, and washout of 
contaminants, or flow around it, minimising contact 
between the leachant and solid, such that leaching occurs 
by diffusion of contaminants through the connected 
porosity of the sample. Hence the leachability (ability of the 
material to leach contaminants) is dependent on the 
physical and chemical properties of the contaminated 
material and the leachant (LaGrega et al. 1994).   
     There are several test methods in existence for 
conducting leaching tests, which are applicable to both raw 
and treated materials (although some tests are applicable 
mainly to monoliths). As these are defined by different 
experimental variables, the selected method itself will have 
an affect on the results. Further, the method of leachate 
analysis adopted also has a bearing on the results. As 
recommended by DD ENV 12920 (BSI 1998) and others 
(e.g., Stegemann & Coté 1990), a range of leaching tests 
may be required to develop an understanding of the 
leaching behaviour of a material. 
 
      WTC (1990), LaGrega (1994) and van der Sloot et al.  
(1997), among others, have identified the following 
important variables that distinguish leaching tests:  
(i) sample preparation,  
(ii) leachant composition,  
(iii) mode and method of contact,  
(iv) liquid:solid ratio,  
(v) leachant renewal,  
(vi) contact time,  
(vii) temperature,  
(viii) leachant-solid separation and  
(ix) analysis of the leachate.  
Although several leaching test methods exist, many are 
variations on the same basic principle with modifications in 
the specific testing conditions.  
     A number of systems have been developed for 
classifying leaching tests. The most common system 
classifies leaching tests as either extraction tests or dynamic 
tests based on whether the leachant is renewed (in the case 
of the latter) or not (the former) (WTC 1990, Conner 1990). 
     Extraction Tests: Extraction tests include all tests that 
contact a specific amount of leachant with a specific 
amount of material for a specific amount of time (WTC 
1990). These are divided into agitated extraction tests and 
sequential chemical extraction tests. In agitated extraction 

tests the sample is agitated to maintain a homogeneous 
mixture and promote contact between the solid and the 
leachant, thereby accelerating attainment of steady state 
conditions. To decrease physical barriers to mass transport, 
granular or crushed samples are used with the leachant at a 
specified liquid:solid ratio. They measure the chemical 
properties of the system and not the rate-limiting 
mechanisms. The most common agitated extraction tests 
include: 
• Toxicity Characteristic Leaching Procedure (TCLP) 

(USEPA, 2003a), 
• Synthetic Precipitation Leaching Procedure (SPLP) 

(USEPA, 2003b), 
• BS EN 12457 (BS EN 12457: Parts 1 to 4, 2002), the 

operating parameters of which are shown in Table 2, 
• DIN 38414 S4 (DIN-NORMEN 1984). 
 Sequential chemical extraction tests include the use of 
increasingly aggressive leachants to obtain information on 
the mechanisms of contaminant binding within the S/S 
material. Most such tests are based on the method 
developed by Tessier et al (1979).   
     Dynamic Tests: Dynamic tests include all tests that 
continuously or intermittently renew the leachant to 
maintain a driving force for leaching and generate 
information as a function of time while attempting to 
preserve the structural integrity of the material (WTC 
1990). They are not as commonly used as extraction tests. 
They are divided into several categories: Serial batch tests, 
which are the most common, which include Multiple 
Extraction Procedure (USEPA, 2003c) and sequential batch 
extraction (NEN 7349, NNI 1995a), flow around tests, 
which include NEN 7345 (NNI 1995b) and the CEN 
monolithic tank test (CEN/TC292 in prep), and flow-
through tests, which include NEN 7343 (NNI 1995c) and 
the European standard column test (prEN14405 2002). 
     Whereas it is possible to perform testing of S/S materials 
in order to obtain a quantitative understanding of the 
material for evaluating technological options and 
management scenarios, the results from testing are often 
compared to performance criteria. Such performance 
criteria may be acceptance limits prescribed for a specific 
management scenario, e.g., landfill disposal, or they may be 
derived from a site specific risk assessment. Conformity 
with performance criteria may be a regulatory requirement, 
or simply a part of responsible practice by industry. Since 
environmental behaviour of S/S materials is the subject of 
on-going research, development of performance criteria, 
and assessment of data in comparison with performance 
criteria is not usually a straightforward matter. 
 S/S material can be considered for a variety of 
management scenarios, e.g., in-situ remediation of 
contaminated land, which may be subject to redevelopment, 
disposal or utilisation. Provided that it can be performed 
safely, it is evident that utilisation of treated material is 
preferred over disposal, as it reduces the burden on landfills 
and conserves natural resources. However, a variety of 
different management options may be considered, since 
there may be practical limits to the treatment standard that 
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can be achieved. The results obtained from the selected test 
methods will be used to compare against relevant 
performance criteria to determine if the properties for the 
desired scenario were met, or alternatively to determine 
which is the optimal scenario for the treated material. 
 
 
5   BINDER-CONTAMINANT INTERACTIONS 
 
5.1 General 
The purpose of mixing contaminants with binders is to 
stabilise and/or solidify the contaminants by immobilising 
them with the binders. Generally the main consequence of 
the presence of contaminants is to alter the properties of the 
fresh or hardened binders. This is mainly in the form of 
delayed setting and hydration and results in lower strengths 
in relation to the uncontaminated binders. Akther et al. 

(1997) found that the presence of inorganic and organic 
contaminants often has a deleterious effect on the hydration 
of Portland cement. However, provided these effects are 
within controllable/acceptable limits, the fact that 
contaminants are immobilised within the binders, by 
various mechanisms as they undergo hydration, and their 
leaching potential is reduced, provides the means of 
treatment which is required for the final service 
environment. It should however be stated that not all 
interactions are destructive and some contaminants actually 
enhance the properties, especially strength, of binders.  
     For S/S materials, attention has to be given to the 
contaminant immobilisation potential of the binders. This 
understanding is important, as changes that occur to S/S 
materials (with regard to both the binder and the 
contaminants) over time will influence the contaminant 
solubility properties and release rates, and also the physical  

 
Table 1. Typical examples of tests performed, performance criteria employed and end use in some of the 
commercial projects described in Al-Tabbaa & Perera (2005c).  
Commercial Project Tests Performed Performance Criteria End Use 

Sealosafe plants, 1974 
((Pojasec 1979) 

UCS, permeability, durability, 
leachability: EP-Tox  

 Disposal 

A13: Thames Avenue to 
Wennington highway scheme, 
1995 ((Reid & Clark 2001). 
 

Physical and leaching tests  CBR (lower bound) – 
immediately after compaction 
– 3%, after 7 days – 5% 
MCV prior to final compaction 
– 8.5 lower bound, 12 upper 
bound 
28 day swell – 5mm upper 
bound 

Lightweight fill for use in 
embankments  

Ardeer site, Scotland, 1995 
(Barker et al 1996) 

Strength, permeability, pH, 
Acid Neutralisation Capacity  

 Remediation of contaminated 
land for the prevention of 
further groundwater 
contamination 

West Drayton site, Middlesex, 
1997 (Evans and Al-Tabbaa 
1999) 

Leaching tests Leaching: Dutch Intervention 
Values 

Redevelopment of 
contaminated ground for 
housing 

Pumpherston site, nr 
Edinburgh, 1999 (Ground 
Engineering 1999) 

Density, UCS, in-situ 
penetrometer 

 Remediation of a contaminated 
site 

Long Eaton site, Nottingham, 
2000 (Evans 2000) 

Permeability, bearing capacity Permeability  10-9m/s for 
passive barrier section,  
Permeability of reactive 
section comparable with in-
situ soil,  
Minimum bearing capacity – 
150kPa  

Remediation and enabling 
works on a contaminated site 
for a new retail supermarket 
 

Leytonstone site, London,  
2000 (O’Keefe Soil 
Remediation 2001) 

CBR, permeability  Redevelopment of a 
brownfield site for the 
construction of a school 

Winterton Holme water 
treatment works site, 2000 
(Blue Circle Industries 2001) 

Strength, permeability, 
leaching tests  

 Disposal in landfill 
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Table 2. Operating parameters for BN EN 12457 
(2002).  
 

Part 1 2 3 4 
Particle size (mm) <4 <4 <4 <10 
L/S ratio (L/kg) 2 10 2+8 10 
Contact time (h) 24 24 6+18 24 

 
integrity of the material. Although there is a lack of 
knowledge in this area, it is agreed that an understanding is 
required of the binder characteristic variations over time 
due to interaction with contaminants and also due to cement 
replacement and extended materials. The contaminant 
properties  may also  change  (Conner 1990) and the altered 
 
contaminants may then have a different effect on the binder 
system. Thus, the overall S/S system chemistry involved 
could be complex and is made even more complicated 
when the system has to be considered within its dynamic 
disposal environment, which would also have an influence 
on the immobilisation potential of the contaminants. Hence 
as a first step to develop this understanding, it is necessary 
to first consider the chemical features, which control the 
chemical immobilisation potential of binders and in 
particular cements due to contaminant-binder interactions. 
Glasser (1993) set out the chemical immobilisation 
potential of cements as: 
1  Absorption of ion into, and adsorption on, high surface 

area CSH. 
2 Precipitation of insoluble hydroxides, owing to high 

alkalinity. 
3  Lattice incorporation into crystalline components of set 

cements. 
4 Development of hydrous silicates, basic calcium-

containing salts, etc. which become solubility-limiting 
phases.   

     The chemical features of cement matrices which 
promote or inhibit these immobilisation processes include 
internal pH, internal redox potential, sorption potential, 
precipitation and crytallochemical incorporation (Glasser 
1993). 
 
5.2 Internal pH control 
Internal pH control is normally considered with respect to 
contaminant (metal) fixation. This is because it is widely 
accepted that in cement-based materials containment relies 
heavily on the pH (Conner 1990). Although this is mainly 
true for metals, it has also been shown to affect the 
leachability of other inorganic and organic species (Conner 
1990). The relationship of the pH with metal fixation is 
based on the metal’s solubility. Ideally it is desirable to 
have a high pH in the system, in the presence of diffusion 
and leaching, as most metals have minimum solubility in 
the range of pH 7.5 – 11. Cement-based materials in a 
closed system would generally yield a high pH of above 11, 
due to the coexistence of Ca(OH)2 and CSH, and would 
also buffer the pH. Hence when diffusion and leaching 

occur, although the pH would reduce, it would generally 
drop to within the desirable minimum solubility range. 
However, other factors could have an influence on the pH 
of the system, which might alter the benefits offered. These 
factors are given by Glasser (1993) as: 
1  Presence of additional components known to be in 

cements, such as alkalis, alumina and iron oxides.  
2   Content of supplementary cementitious materials, such 

as fly ash, slag etc., whose reactions would remove 
Ca(OH)2 and change the bulk Ca:Si ratio of the system. 

3 Environmentally conditioned reactions leading to 
degradation of cement performance.  

The third factor is directly related to long-term, but the first 
two may also have effects which develop over time. 

 
5.3 Internal redox potential (Eh) 
A change in the internal redox potential would lead to a 
variation in the speciation and solubility of contaminants. 
The most favourable conditions for immobilisation of 
contaminants are perceived to lie in achieving a low Eh, as 
the multivalent metals can be chemically reduced in high 
pH environments to lower-valent, less soluble species 
(Glasser 1993). Even some metals, such as Ag, Cu, Cd and 
Zn, with only one valence state are reported to be strongly 
influenced by redox processes (Dragun 1988). Cement is 
beneficial as a binder in this respect as it generally has a 
low Eh in addition to its high pH. But due to various 
influences from the incorporated material and the external 
environment, Eh could change over time and this change 
could influence the immobilisation potential. However, as 
illustrated by Conner (1990) the benefits of low Eh are not 
always true especially where some contaminants when 
reduced may become toxic or more soluble. Hence this 
implies that some benefit may actually be achieved, 
depending on the contaminants present in the treated waste, 
with Eh increasing over time. 
 
5.4 Sorption potential 
This has an important role in the immobilisation of 
contaminants, as they are adsorbed or chemisorbed onto 
other materials in the system. The potential for sorption is 
directly related to large specific area, which in turn is a 
function of particle size, shape and porosity (Conner 1990), 
and in CSH also to the high density of irregular hydrogen 
bonding (Glasser 1993). The sorption will depend on 
various factors such as the pH of the system, concentration 
and type of species, and in cement-based systems on the 
surface charge of CSH, which changes with its 
composition. The sorption potential would also increase in 
S/S materials containing sorptive materials such as clays or 
zeolites. However, this process could be reversed/changed, 
more so in adsorption than chemisorption, due to various 
influences including changes to the factors influencing 
sorption. This would mean that over time contaminants held 
could be released due to changes in the system affecting the 
performance of the S/S materials with time. 
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5.5 Precipitation 
Precipitation of metals present in contaminants would most 
commonly occur in the form of hydroxide precipitation. 
Other forms of significance in which metals would 
precipitate are carbonates, sulphides, silicates, sulfates and 
complexes. Co-precipitation with other metal species is also 
a possibility which should not be ignored. The problem 
posed by this is that the reactions are difficult to 
characterise (Glasser 1993). Although some are stable, 
changes to the system composition over time might create 
competition between species and as a result some metals 
will be released into solution compromising the 
immobilisation potential. However, precipitation of certain 
species may occur only after some time when the desired 
pH is reached and this might actually improve the 
immobilisation of that species with time. 
 
5.6 Crystallochemical  incorporation 
Depending on the formulation of the cement-based binder 
system, different crystalline phases will be present at 
different curing durations. This would also vary based on 
the disposal environment. These crystalline phases would 
incorporate contaminants into their matrix, generally on a 
preferential basis. This would hence immobilise these 
contaminants, but only as long as the relevant phase exists. 
However, as the phase balance changes with time the 
contaminants which have not consequently been taken up 
by other phases will be released compromising the 
performance of the S/S materials. 
     In addition to the above mechanisms macro-
encapsulation of contaminants could also occur (Conner 
1990). This is where contaminants are physically entrapped 
in the discontinuous pores within the larger structural 
matrix of the solidified material. Hence the immobilisation 
is mainly dependent on the physical integrity of the S/S 
material. Deterioration of the material with time would 
enable the contaminants held to leach out. 
 
5.7 Binder-contaminant interference 
The above sections considered the chemical features which 
promote or inhibit the immobilisation of contaminants 
within cement which could develop over time. Although 
these mechanisms exist to capture the contaminants, the 
presence of the contaminants, as mentioned earlier, could 
alter the normal behaviour of the binders. These binder-
contaminant effects due to individual contaminant elements 
and compounds, which could arise in the short-term or 
long-term, are not well understood. Further, the problem is 
made more complex when the effect is also concentration 
dependent, when several contaminants are present, as 
sometimes their effects are additive or synergistic, and 
when the contaminants change form after reacting with 
other compounds. 
     Numerous studies have been conducted to understand 
these various effects, but they are few in comparison to the 
possible combinations that could exist in relation to the 
contaminant variables mentioned above and binder types in 
use. Further, most of the studies have been limited to short-

term investigations. Conner (1990) conducted a 
comprehensive review on the effects certain individual 
compounds have on the setting and curing behaviour of 
cement-based S/S materials. It considered individual 
inorganic and organic contaminant compounds. An 
example of these is summarised in Table 3. The general 
consensus is that although both organic and inorganic 
contaminants have been treated by S/S, organic 
contaminants are more difficult to treat than inorganic ones. 
     The consequences of interference could be insufficient 
development of strength, changes in porosity and 
permeability and reduction in durability, which could lead 
to the S/S material being considered to have failed under 
the stipulated physical and chemical parameters. However, 
not all interferences should be expected to have negative 
effects. For example, it was shown in a study by Bhatty and 
West (1996), that although lead markedly decreased the 
early strength (3-day) as a consequence of it retarding 
cement hydration, it did not affect the 90-day strength. 
However, although zinc also showed similar characteristics 
(Tashiro et al. 1977, Ortega et al. 1989), it was found to 
increase the permeability of the hardened cement product 
probably by promoting ettringite formulation (Poon et al. 
1985, Poon et al. 1986). 
     It is also important to bear in mind that a number of 
other cementitious and non-cementitious agents are used in 
S/S. The behaviour of these agents may be significantly 
different from that of cement. 
 
 
6   ENVIRONMENTAL IMPACT and QA/QC 
 
The main concern about the long-term behaviour of S/S 
treated material is based on the environmental impact that 
would occur should a treated material fail in terms of its 
requirements in the future. The time frame could be as short 
as the onset of the treatment application if the treatment 
was not performed in accordance with treatability studies, 
in other words from errors arising due to lack of care. But 
generally, barring external factors whose influence should 
be minimised, failure will be based on the dominant 
deterioration mechanism(s) prevailing at the service 
exposure (location) and pH conditions of the system. The 
time involved would then depend on the mechanism and 
rate, and also on the treated material itself and could vary 
from a few months to several years. Conner (1990) 
suggested that the resulting environmental impact will be 
closely related to the disposal site or situation. These would 
include all landfills and re-use scenarios of both treated 
contaminated ground and waste.  
     The environmental impact due to deterioration of the 
material could arise in the form of vapour and particulate 
emissions, generation of leachates and/or compromise of 
the physical integrity of the material. The impact itself will 
be based on the pathway and receptor, and any other 
indirect consequences that may arise. Pathways of interest 
would include air, groundwater and surface waters, and 
receptors would include humans, aquatic life and 
vegetation. Hence criteria to be met by treated S/S material 
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are now generally based on the probabilistic risk associated 
with the receptors including groundwater. For landfills the 
European Landfill Directive (European Council Directive 
1999) requires the setting of acceptance criteria based on 
the type of landfill, as landfills are engineered to accept 
material with certain classified levels of contamination. In 
other management cases the assessment will normally be on 
a site-specific basis. Guidelines and models on how to carry 
out risk assessments are available. Another impact as a 
result of S/S treatment would be the potential volume 
change that might occur as a result of the addition of 
binders to treat a given volume of waste or contaminated 
soil. 
 Several degradation mechanisms exist which could 
affect the long-term performance of S/S materials. Many of 
those are the same as those affect treated uncontaminated 
material. Those specific to S/S contaminated materials are 
related to binder-contaminant interactions and interfaces.   
Further details of binder contaminant interactions and 
degradation mechanisms are given in Perera et al (2005b) 
and Spence and Shi (2004). 
     Although the application of S/S, for the immobilisation 
of contaminants, by the addition of cement-based additives 
has been widely and successfully practised for many years, 
some contaminants are known to pose problems in 
treatment. Most of the observed successes have been based 
on results of treatability studies, which are normally 
conducted over short time periods, typically up to 28 days 
after treatment. As a result, concerns regarding the long-
term effectiveness of the technique have regularly been 
raised in recent years (Borns 1997, Glasser 1997, Loxham 
et al. 1997). These concerns are due to:  
1   uncertainties in test methods,  
2   observed deficiencies in the process application, and 
3  observed lack of chemical binding in crushed samples of 

treated waste, suggesting that contaminants could leach 
out under certain conditions and  

4 uncertainties of performance arising from anticipated 
behavioural degradation of the material over time. 

 Although it is hoped that the treated material would 
maintain its stability by meeting the set criteria and hence 
maintain an acceptable level of environmental exposure, it 
is necessary to ensure that proper mitigating measures have 
been considered to cope in cases of failure of the system. 
Hence quality assurance and quality control of S/S 
contaminated materials is an essential part of the treatment 
methodology. 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. Selected compounds that affect solidification 
(adopted from Conner 1990). 
 

Compounds Effect Mechanism 
Affected

Fine Particulates I, P P 
Grease I, P P 
Oil I, P P 
Ethylene Glycol P I 
Phenol P- I 
Trichloroethylene  P- I 
Acids P- I 
Bases P- I 
Iron Compounds A F, M 
Lead Compounds R M 
Magnesium Compounds R M 
Salts (General) P-, A, R I 
Sulfates R, P I 
Calcium Chloride A, R M 
Copper Nitrate P+ I 
Gypsum Hydrate R I 
Lead Nitrate P-, P+ I 
Sodium Hydroxide P+, P- I 

 
Key  Effect: 
I      =   setting/curing inhibition (long-term) 
A    =   setting/curing acceleration 
R    =   setting/curing retardation (short-term) 
P     =   alteration of properties of cured product 
P-    =   alteration of properties of cured product  
             (negative effect) 
P+   =   alteration of properties of cured product  
             (positive effect) 
The first symbol represents effect at low 
concentrations and the second at high concentrations. 
Mechanism: 
P  =  coats particles        
I = interferes with reactions 
F  =  flocculent             
M = disrupts matrix 

 
    Quality assurance and quality control (QA/QC) 
measures, similar to those applied to stabilised 
uncontaminated materials, needs to be carried out at the 
various stage of the treatment:  
1 prior to application of the treatment,  
2 during application of the treatment, including the stages 

of blending and ex-situ or in-situ mixing and placement, 
and  

3 after application of the treatment, including the stages of 
sampling, monitoring, maintenance, testing and 
analysis.  
Further details on QA/QC issues relevant to S/S of 

contaminated materials can be found in Perera et al (2005c) 
and Spence and Shi (2004). 
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7    RELEVANT INITIATIVES, PUBLICATIONS, 
STANDARDS & GUIDELINES 
 
7.1 STARNET: Network on stabilisation/ 
solidification treatment and remediation 
STARNET is a UK Engineering and Physical Sciences 
Research Council (EPSRC) funded Network on 
Stabilisation/Solidification Treatment and Remediation. 
STARNET was established in May 2001 to build a network 
of key participants to work together to promote the 
development of research work on and implementation of 
UK stabilisation/solidification treatment and remediation 
practices. STARNET has 26 core members, from 24 
different organisations and an extended membership of over 
200 members worldwide. The STARNET membership 
covers a wide range of sectors including consultants, 
contractors, local authorities, regulators and academia.  
 Over its three year EPSRC-funded period, the 
STARNET core members regularly met to address 
knowledge gaps and research needs and to establish multi-
disciplinary research teams to develop research proposals.  
Key scientific and technical issues for S/S technologies 
were addressed including:  
(a) binder and technology selection 
(b) testing and performance level 
(c) long-term performance and environmental   impact 
(d) quality assurance and quality control 
(e) good practice guidance documents 
 A website was established at www-
starnet.eng.cam.ac.uk which contains details of the 
STARNET activities and publications. The publications 
include a newsletter, posted on the STARNET website, 
seven state of practice reports with the common main title 
of UK Stabilisation/Solidification Treatment and 
Remediation (Al-Tabbaa and Perera 2005a, 2005b and 
2005c, Perera et al. 2005a, 2005b, 2005c and 2005d) also 
posted on the STARNET website: 
Part I: Binders and Technologies – Basic Principles 
Part II: Binders and Technologies - Research 
Part III: Binders and Technologies - Applications  
Part IV: Testing and Performance Criteria 
Part V: Long-Term Performance and Environmental Impact 
Part VI: Quality Assurance and Quality Control 
Part VII: Good Practice Guidance Documents 
 In addition a book chapter in Spence and Shi (2004) 
entitled Testing and Performance Criteria for 
Stabilised/Solidified Waste Forms (Perera et al, 2004) was 
produced.  
 STARNET hosted a one-day workshop in July 2002 at 
Cambridge University, which included presentations on S/S 
binders and technologies – UK state of practice,  a review 
of the industrial application of waste S/S technology in the 
UK, a regulator’s View on Stabilisation, a site owner’s 
perspective, an end user’s viewpoint, the waste 
management industry’s viewpoint, and the remediation 
Industry Viewpoint. In breakout discussion sessions the 
following two questions, with specific reference to S/S, 
were addressed: What are the research needs? And How 
can the research needs be met? The outcome of those 
discussions led to the prioritisation of research topics which 

were subsequently addressed by the STARNET core 
members and a number of which are currently being 
developed into research projects. A report on the workshop 
details has been produced (Al-Tabbaa and Perera, 2003).  
 The major STARNET activity was its international 
conference on Stabilisation/Solidication Treatment and 
Remediation – Advances in S/S for Waste and 
Contaminated Land which took place on 12-13 April 2005 
at Cambridge University. The conference was attended by 
over 180 delegates from 17 countries worldwide which is 
testimony to its timeliness and success. The delegates were 
from a wide range of sectors including academics, 
consultants, contractors, regulators, local authorities, 
product suppliers etc. The conference provided an 
international meeting forum to disseminate the findings of 
the Network and to exchange the latest knowledge and 
research activities with international experts. It brought 
together all those working and interested in the field world-
wide to present and discuss their work and to debate the 
way forward. 
 The Network was instrumental in bringing together the 
major UK players in the field of S/S from academia, 
industry and the regulators, who together addressed issues 
of national and international importance in this subject. The 
recent implementation of the Landfill Regulations requiring 
treatment of waste prior to landfilling suggests that S/S is 
likely to play a major role in this process. Hence the 
effectiveness and long-term environmental impact of S/S 
treatments are becoming issues of major importance and it 
is expected that the research proposals currently being 
developed by STARNET will be major players in 
addressing those issues.  
 
7.2    Books and guidance documents 
Over the past 15 years or so, a large body of scientific work 
on S/S has been published primarily in journal papers and 
symposia proceedings as well as in leaflets, in addition to 
guidance documents produced by Environment Agencies 
and national Cement Associations in the US and the EU. 
However there appears to remain a lack of adequate linkage 
between research findings and practice. This gap has 
recently been addressed by a number of publications, some 
of which are detailed here.  
 The first is a book entitled Stabilization and 
Solidification of Hazardous, Radioactive and Mixed 
Wastes, edited by Roger Spence and Caijun Shi published 
in December 2004 (Spence and Shi, 2004). This book 
consolidates the research, technology and general practice 
in an up-to-date work and it does so by utilising the 
knowledge and experience of many of the most capable and 
experienced scientist, engineers, regulators and teachers in 
its writing. It concentrates on the primary systems used in 
S/S today – those based on cement technology. Discussions 
of waste types, principles, and properties of cemented waste 
forms, and of test methods for evaluating them are 
presented in depth. This book is likely to become the new 
standard reference source for anyone working in the waste 
treatment field, especially for those dealing with the 

Volume 2

712 Deep Mixing´05



technical aspects of S/S: research, testing, teaching and 
regulation.  

The second is the proceedings of the International 
Conference on Stabilisation/Solidification Treatment and 
Remediation – Advances in S/S for Waste and 
Contaminated Land (Al-Tabbaa and Stegemann, 2005). The 
proceedings include the seven STARNET state of practice 
report mentioned above and a summary of the four keynote 
lectures of the conference: 
(i) The Landfill Directive and its implications for the 

remediation of contaminated soils by Jan Gronow of 
the Environment Agency, UK, 

(ii) Deep Mixing – Properties and Applications, by Goran 
Holm of the Swedish Geotechnical Institute, Sweden, 

(iii) Stabilisation/Solidification Experience in France by 
Marie-Claire Magnié, of INERTEC, France, 

(iv) Test Methods, Modelling, Field Verification and 
Impact Evaluation of Stabilised Waste Disposal by 
Hans van der Sloot of ECN, The Netherlands. 

The main part of the proceedings contains 39 technical 
papers divided into the following themes: 
1. Binders and Technologies (8) 
2. Testing, QA/QC and Guidance Documents (5) 
3. Long-term Performance and Environmental Impact (6) 
4. Case Studies (11) 
5. Stabilisation of uncontaminated materials (4) 
6. Beyond conventional stabilisation/solidification (5) 
 Paper theme 1 on binders and technologies examines 
the applicability of different types of binders and binder 
systems to wastes and contaminated soils. The papers cover 
the following topics: 
• S/S of synthetic drill cuttings representing Ras Shukier 

oil field in Egypt, 
• Effect of different binder systems on the S/S of metal 

finishing wastes, 
• Specifying cement – standards and nomenclature, 
• An evaluation of pozzolanic lead immobilization 

mechanisms in firing range soils, 
• Chemical treatment of soft soils containing Cr (VI) 

with different clay minerals, 
• Applications of rejected fly ash in stabilization and 

solidification processes, 
• Remediation of soils contaminated with petroleum 

hydrocarbons using quicklime mixing, 
• A new cement system for waste immobilisation – 

calcium sulfoaluminate cement system. 
 Paper theme 2 on testing, QA/QC and guidance 
documents addresses the suitability of current test methods 
for evaluating performance of S/S systems, performance 
criteria, properties of correctly treated S/S materials and 
guidance on the use of S/S. The papers cover: 
• UK guidance on S/S for the treatment of contaminated 

soil, 
• The Rietveld method as a tool for assessing heavy-

metal immobilization in S/S treatment investigations, 
• Modelling in support of setting the waste acceptance 

criteria for monolithic waste, 
• A review of scale-up factors potentially affecting the 

long-term performance of S/S-treated materials, 

• Reduction in leaching of hazardous substances from 
coal ash by addition of solidification agent 

 Paper theme 3 on long-term performance and 
environmental impact presents the properties and 
degradation mechanisms of S/S materials in the long term, 
ageing of S/S materials and sustainability issues. The 
papers cover: 
• Performance assessment of S/S waste-forms: initial 

results from site characterisation, sampling and testing, 
• Characterisation of full-scale historic inactive cement-

based intermediate level nuclear wasteforms, 
• Accelerated ageing of an S/S soil at elevated 

temperatures, 
• The technical sustainability of in-situ S/S, 
• Chromium (Cr3+) leachability from monolithic solids 

under modified semi-dynamic leaching conditions, 
• The role of accelerated carbonation in the accelerated 

ageing of stabilised/solidified waste forms 
 Paper theme 4 on case studies presents commercial in-
situ and ex-situ applications of S/S to a wide range of waste 
sites and contaminated land. The papers include the 
following: 
• The development and operation of the BNFL Magnox 

excapsulation plant, 
• In-situ soil mixing treatment of contaminated soils at 

Sir John Rogerson’s Quay, Dublin, 
• Stabilisation/solidification of manufactured gas plant 

wastes:  Part 1 - Treatability study, Part 2 - Pilot test 
study, Part 3 - Selected case histories, 

• Solidification of water treatment works sludge with 
ettringite cement and pulverised-fuel ash, 

• S/S of dredging sludge containing polycyclic aromatic 
hydrocarbons, 

• La Floridienne: the first large scale immobilization 
project in Belgium, 

• The remediation of the acid tar lagoons, Rieme 
Belgium, 

• PIMS with apatite II: A field scale demonstration on a 
lead contaminated soil, 

• Industrial experiences in the use of S/S technology to 
remediate and reuse dredged sediments 

 Paper theme 5 on stabilisation of uncontaminated 
materials relates to learning from stabilisation of 
uncontaminated materials and correlations with S/S of 
contaminated materials. The papers cover: 
• Geosynthetic reinforcement of high-alkaline soils: 

Basics and two typical projects, 
• Influence of soil and binder properties on the efficacy 

of accelerated carbonation, 
• Properties of mixes of sugar cane fibre waste with 

cement binding, 
• Recent advances in numerical modelling of deep 

stabilized soil. 
 Paper theme 6 on beyond conventional S/S considers 
emerging S/S materials and techniques including biological 
stabilisation techniques. The papers include: 
• Lead contamination and immobilization at shooting 

range sites, 
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• Effect of microbial activities on the mobility of copper 
in stabilised contaminated soil, 

• Development of geomaterials with various 
immobilisation treatments for heavy metals and 
evaluation of environmental impact, 

• Stabilization of chromium by reductase enzyme 
treatment, 

• Stabilising inorganic contaminants in soils: 
considerations for the use of smart additives. 

       The third document is the UK Environment Agency 
Guidance on the use of Stabilisation/Solidification for the 
Treatment of Contaminated Soil (EA, 2004). The document 
is intended to encourage the effective use of S/S in 
appropriate circumstances, by itself or as part of a remedial 
strategy. The document presents a developed framework for 
the design and implementation of S/S treatment, based 
around a number of key steps. It provides the reader with a 
staged approach to S/S treatment from initial evaluation of 
the applicability of the technology at a specific site, through 
to management of the waste form post-construction. It is 
based on the development of knowledge of the material and 
site conditions at each stage, to enable sound engineering 
judgement on the key issues involved. The framework is 
designed to consider all options available at each stage of 
the process, to promote the use of the best remedial 
technology for the site. A sound understanding, good 
planning, consideration of the key issues involved and 
consultation with the regulator will aid in the development 
of a successful solution. This framework is shown in   
Figure 8. Further details on guidance documents are given 
in Perera et al. (2005d). 
 
 
8 RELEVANT PAPERS SUBMITTED TO THE DEEP 

MIXING 05 CONFERENCE 
 
A number of papers at the Deep Mixing 05 conference are 
relevant to the stabilisation/solidification of contaminated 
material. These covered a wide range of topics including: 
• Treatment of a site contaminated with VOC and PAH, 
• In-situ S/S of acid waste oil sludge, 
• Ettringite-induced damage in cement-stabilized soil, 
• Stabilisation of contaminated sediments, 
• S/S of a residual soil contaminated by diesel oil, 
• Remediation of contaminated land with mass 

stabilisation, 
• Remediation of ground contaminated with VOC using 

the dry mixing technique, 
• Laboratory assessment of environmental effects of 

deep mixing, 
• Blast furnace slag in deep mixing applications, 
• Overview of S/S of contaminated land, 
• Deep mixing as part of remediation strategy for 

contaminated sites. 
 The materials treated included soils, sludges and 
sediments. The contaminants included a range organic and 
inorganic contaminants including heave metals. Cement 
was the main binder used in most of the papers. Additional 
binders including fly ash, quicklime, blastfurnace slag/ 

GGBS and microsilica were used. New binders to enhance 
biological activities in the ground were also considered. 
The treatment implementation techniques applied included 
deep mixing (wet and dry) and mass stabilisation. In 
addition, other treatment applications were addressed 
including the installation of permeable reactive barriers. 
Various criteria were imposed including strength, 
permeability and leachability. Problems encountered and 
solutions offered to a number of problems are presented. 
The problems considered included: 
• Variability within the material being treated, 
• Necessity of pre-treatment, 
• Practicalities relating to specific mixing situations, 
• Dealing with problem/difficult contaminants, 
• Quality control and achieving specific environmental 

standards, 
• Leakage and verticality issues, 
 Most of the testing reported was at up to 28 days of 
curing. None of the papers addressed the long-term 
performance of the material and associated implications of 
any failures of the S/S systems.  Those papers demonstrate 
that studies on the applicability of deep mixing techniques 
for the treatment of contaminated materials is increasing. 
 
 
9  APPLICATION OF DEEP MIXING TO THE 

REMEDIATION OF CONTAMINATED LAND 
 
9.1  General applications 
With particular reference to contaminated land, deep 
mixing can be used to form a number of containment and 
remediation systems in geoenvironmental applications 
(May Gurney 2001) as shown in Figure 9: 
A: Active containment: Active containment barrier 
consisting of a double wall of overlapping soil columns 
constructed around the periphery of the site in combination 
with hot spot treatment of severely contaminates areas. 
B: Passive and Active Containment: Combination of active 
and passive containment to manage the on-site and off-site 
groundwater flows. Particularly useful where the site being 
treated forms part of a wider contaminated area. 
C: With Development Piles and Capping: An active 
containment solution incorporating development piles 
constructed using the same basic equipment with just a 
change of auger. Ground improvement is also possible 
using the in-situ mixing process. 
D: Funnel and Gate: A funnel and gate containment system 
where the flow of groundwater from the site can be 
carefully controlled. 
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9.2    Commercial case study 
In 1997 a joint venture, May Gurney and Envirotreat, 
commercially treated organic contamination for the first 
time in the UK using in-situ S/S using augers on a site in 
West Drayton near Heathrow Airport (Soudain 1997, 
Construction News 1997, Evans and Al-Tabbaa 1999). 
They also advanced the technology into the construction of 
active containment barrier systems. The West Drayton site 
is 7200 m2 and is formerly the location of a paint factory. A 
local housing association required the site to be 
redeveloped with housing units. The site was previously 
treated with soil vapour extraction to remove extensive 
hydrocarbon contamination between depths of 3.5 and 4 m, 
in the made ground and sand and gravel overlying London 
Clay. This was later found not to have removed all 
contamination, with the soil and groundwater still 
contaminated with high levels of hydrocarbons. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Overview of S/S treatment framework developed by UK Environment Agency (EA 2004). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Applications of deep mixing in contaminated land remediation (May Gurney 2001). 
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 Disposal of the contaminated soil in a landfill was 
rejected due to the high costs, the environmental nuisance 
that would have been caused and the impracticality of 
removing around 3,000 cubic metres of soil. On-site soil 
washing was rejected due to high costs, although cheaper 
than landfilling, and duration. Bioremediation was also 
rejected on technical grounds as only partial success was 
envisaged. The cement-based stabilisation/solidification 
soil mixing approach using modified alumina silicates was 
considered the most cost-effective treatment available 
(Evans and Al-Tabbaa 1999). 
 Guideline values imposed were related to leaching test 
results of the treated material as compared with the 
commonly  used  Dutch  Intervention  Values  (Ministry  of 
Housing 1996) for various hydrocarbons and heavy metals. 
Following treatability studies the following parameter ratio 
ranges were used: cement:bentonite of 1-2.5:1; soil:grout of 
3-6:1 and water:solids of 3-6:1.  The auger used was a new 
design consisting of a 300mm diameter leader connected to 
a shorter 600 to 900mm diameter section depending on the 
required size of the column, shown earlier in Figure 6(a). 
This design significantly reduced the possibility of any 
spoil being transported to the surface. At each column 
position, the auger was advanced clockwise at a rate of 
30rpm into the ground to the full treatment depth of 2.3m. 
The auger rotation was then reversed and grout was injected 
and mixed with the soil as the auger was withdrawn. 
Intermittently during withdrawal, the auger was advanced 
again under clockwise rotation into the soil-grout column to 
aid compaction and to further homogenise the column of 
material. 
 Three different treatment methodologies were applied 
on the site to cope with the different levels of 
contamination as shown in Figure 10. The first was the 
treatment of three heavily contaminated areas which were 
block  treated  with the   cement-based slurry,  containing  a  
 

modified alumina silicate, mixed in situ with the soil down 
to the London Clay, forming grids of overlapping columns. 
Then a cement-bentonite slurry was used to construct a 
relatively impermeable cut-off  wall  (passive containment), 
two-columns thick, around the site perimeter. This was to 
restrict the flow of groundwater to a nearby 
environmentally sensitive river running along one edge of 
the site. Lastly, two relatively permeable sections known as 
‘active gates’, consisting of a soil and modified alumina 
silicate slurry, were injected in the cut-off perimeter barrier. 
These act as microchemical sieves, removing contaminants 
from groundwater as it passes through, therefore, in 
principle allowing only clean water to emerge on the other 
side. The site batching facility is shown in Figure 11(a). A 
total of 4500 overlapping 600mm and 900mm diameter 
soil-cement columns were installed in eight weeks for a 
cost of £250,000. The columns were installed at a rate of 
one every two to three minutes. Throughout the treatment 
process, leachability tests were carried out on samples of 
the soil-grout material which showed that the leachate 
concentrations of total petroleum hydrocarbons and the 
BTEX contaminants (Benzene, Toluene,  Ethyl Benzene 
and  Xylene)  were well below Dutch Intervention Values. 
Subsequent groundwater monitoring carried out over a two-
year period also proved the treatment to be successful 
(Evans and Al-Tabbaa 1999). The housing development 
built on the site is shown in Figure 11(b). 
 
9.3    Research case study 
9.3.1 Details of the site, mixes and site trial 
The selected research case study is the first UK research 
and development project on soil mixing, which the author 
was involved in, in collaboration with two companies May 
Gurney and Envirotreat. The aim of the project was to 
develop and implement an in-situ S/S treatment 
methodology using deep soil mixing on a contaminated site. 
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Figure 10. A site plan showing the three treatment methodologies used (May Gurney 2001). 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
     

 
 
 
 
 
 

(a)    (b) 
Figure 11.  (a) The site batching facility and (b) The new housing development on the site (May Gurney 2001). 
 
 A Ministry of Defence site in West Drayton near 
Heathrow Airport, which is an old chemical works site, was 
used. This is in the vicinity of the site in the commercial 
case study discussed above. The project involved initial 
treatability study work using the site soils, a site trial and 
assessment of the S/S ground for a number of years 
following the treatment (Al-Tabbaa and Evans 1998; 2000; 
NCE 1997, Hopkins 1997, Al-Tabbaa et al. 1998, Evans 
1998, Boes and Al-Tabbaa 2001, Al-Tabbaa and Boes 
2002). The site consisted of up to 1.7m of variable made 
ground, underlain by 3-4m of natural sand and gravel 
deposits which were in turn underlain by London Clay with 
the groundwater at a depth of 2 m. The natural moisture 
content of the two soils was 10%. The soil and groundwater 
were  contaminated with a range of heavy metals & organic  

 
contaminants including concentrations of up to 3000 mg/kg 
of lead and copper, 2000 mg/kg of mineral oil and 9000 
mg/kg of hydrocarbons as shown in Table 4 (Al-Tabbaa 
and Evans 1998). 
      In the absence of regulatory design criteria for S/S 
contaminated soils, the following criteria were used, some 
of which are usually applied to S/S waste:  
(i) Unconfined compressive strength (UCS) (soaked) of 

at least 350 kPa at 28 days (USEPA 1986), 
(ii) Pass of the ASTM freeze-thaw and wet-dry durability 

tests (ASTM 1988; 1990), 
(iii) Acceptable leachability, using the USEPA TCLP test 

(USEPA, 2003a), and usually quantified using a 
multiplier of drinking water standards, commonly 100 
(Conner 1990),  
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(iv) TCLP Leachate pH of between 7 and 11 (Conner 
1990), and  

(v) Permeability of less than 10-9m/s (as for cut-off walls). 
       The treatability study work (Evans and Al-Tabbaa 
1997) resulted in the selection of seven different soil-grout 
mix formulations which were all cement-based and in 
addition contained pulverised fuel ash (PFA), lime and 
bentonite. They also contained a negligible amount of a 
specially developed modified bentonite clay for the 
immobilisation of polycyclic aromatic hydrocarbons 
(Lundie and McLeod 1997) which was incorporated within 
the grout mix (NCE 1997). The presence of this modified 
clay did not affect the other properties investigated (Evans 
1998). The mixes consisted (by weight) of 75-84% soil, 1-
7% cement, 0-16% PFA, 0-0.5% lime, 0-1% bentonite and 
3-13% water, as shown in Figure 12, and the details of the 
mixes are shown in Table 5. 
  
Table 4. Contaminants in the soil and groundwater in 
the West Drayton site trial area (Al-Tabbaa and Evans 
1998).  

                Sample 
                (depth) 

Made 
ground  
(0.7 m) 

Sand & 
gravel  
(2.1 m) 

Water 
 

(2.25 m) 
pH 8.2 7.2 7.3 
 
Contaminant 

mg/kg 
dry  

weight 

mg/kg 
dry 

weight 

mg/L 

Arsenic 13.8 30.0 0.48 
Cadmium 8.7 8.7 0.59 
Lead 2801 2345 438 
Copper 1264 962 52.8 
Nickel 105 232 10.5 
Zinc 1589 1800 94.8 
Mercury 15.5 3.7 0.46 
Total Chromium 302 31 0.55 
Barium 338 163 22.03 
Total Cyanide 1.2 4.5 0.05 
Total Sulphate 1000 2000 297 
Toluene extract 1700 8700  
Coal tar 1400 6200 <1 
Phenols <1 <1 <0.1 
Mineral oil  566 1900 30 
Paraffin 
Hydrocarbons 

165 142  

 
 A single shaft auger, shown in Figure 13, was 
manufactured specifically for this project following a 
number of trials with different designs (Al-Tabbaa et al. 
1998). The main objectives were to prevent the 
contaminated soil from being transported to the surface and 
to maximise the compaction of the soil on withdrawal of 
the auger. At each column position, the auger was advanced 
clockwise at a rate of 30rpm into the ground to the full 
treatment depth of 2.3m. The auger rotation was then 
reversed and grout was injected and mixed with the soil as 
the auger was withdrawn. During withdrawal, the auger 

was intermittently advanced again under clockwise rotation 
into the soil-grout column to aid compaction and to further 
homogenise the column of material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Soil-grout constituents by % weight. 
 
Table 5. Details of the soil-grout mixes used at the 
West Drayton site trial. 
 

Mix cement:PFA:lime:bentonite water:dry grout 
A 2 :  8 :  0  :  0 0.42 : 1 
B 3 :  8 :  0 : 0 0.42 : 1 
C 2.5 :  8 :  0.4 :  0 0.42 : 1 
D 3  :  8  :  0.1 :  0 0.42  : 1 
E 2.5 :  8  :  0.4  :  0 0.42 : 1 
F 2.5 :  8  :  0.4  :  0 0.30  :  1 
G 8 :  0 :  0 : 0.8 1.6  : 1 

Mix soil : grout soil: dry grout 
A 5  :   1 7  :  1 
B 5  :   1 7  :  1 
C 5  :   1 7  :  1 
D 5   :  1 7  :  1 
E 3.5 :  1 5  :  1 
F 3.9 :  1 5  :  1 
G 3.7  :  1 9.7 :  1 

 
 A grid of 23 overlapping columns was formed over a 
period of two days treating a plan area 2.4m x 2.4m and a 
volume of 14 m3, as shown in Figure 14, and resulting in a 
relatively small volume increase of 7%. Sixteen single 
columns were installed on the first day and seven overlap 
columns on the second. Installation of the overlapping 
columns through single column areas proved to be difficult 
and took more time compared to the single columns (Al-
Tabbaa and Boes 2002). Samples were then cored at 2 
months after treatment from single column mixes and from 
the top 1.2m of soil, hence the made ground only, and at 4.5 
years after treatment from the full depth of the columns of 
2.3m hence from both soils and also from both single and 
overlapping column zones as shown by the solid circles in 
Figure 14. The area during coring is shown in Figure 15 
and examples of the extruded cores are shown in Figure 16. 
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Figure 13. The auger used in the site trial. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Plan of the constructed columns. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. The cored area at 4.5 years after 
treatment. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Typical extruded cores. 
  
 The coring of the treated area showed that the 
treatment was fairly homogeneous and consistent. The 
cored samples were in general of high quality and intact 
although there were weak areas which seemed to be 
consistent with large extraneous objects, e.g. brick 
fragments, indicating that the mixing of the soil in the 
vicinity of such objects is not very effective. In addition, it 
was clear that the overlap zones were not effectively mixed 
as well be referred to later (Al-Tabbaa and Boes 2002). 
 
9.3.2 The results 
 The cores were trimmed and tested for the above 
mentioned design criteria at different times after treatment 
of up to 5 years (Al-Tabbaa and Evans 1998, 2000, Al-
Tabbaa et al. 1998 and Al-Tabbaa and Boes 2002). The 
development of the UCS, permeability and TCLP leachate 
pH with time for the made ground are shown in Figures 17 
to 19 respectively. Figure 17 shows that in general the UCS 
continued to increase with time which is an indication of 
continued slow hydration of the cementitious binders. A 
number of the mixes reached a plateau while others were 
still significantly increasing. The UCS values ranged from 
1000–1400kPa at 28 days to 2200–5400kPa at 5 years. The 
permeability in Figure 18 shows that in general that its 
value was around the design value of 10-9m/s and in general 
slightly decreased with time. The values ranged from    
3x10-9m/s to as low as 0.15x10-9m/s. The TCLP leachate 
pH values in Figure 19 show a clear reduction with time 
consistent with continued carbonation of the mixes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Time-related development of the UCS of 
the S/S contaminated made ground. 
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Figure 18. Time-related development of the 
permeability of the S/S contaminated made ground.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. The time-related development of the TCLP 
leachate pH of the S/S contaminated made ground. 
 
 The corresponding values for the UCS and 
permeability of the sand & gravel at 5 years together with 
the values from the overlap zones, and also a repeat of the 
values for the made ground (in italics) for comparison, are 
shown in Tables 6 and 7 respectively. These tables show 
that in general the properties of the sand & gravel are 
similar to those of the made ground. The behaviour of the 
sand & gravel was however more uniform compared to that 
of the made ground. The variable behaviour of the latter is 
caused by the presence of extraneous materials. It is 
therefore recommended that when testing such variable 
materials, a large number of duplicate samples are tested.  
 The overlap column zones in general showed lower 
UCS and higher permeability than the single columns. As 
the overlap column mixes are expected to contain up to 
twice the grout content of the single mix columns, 
depending on the strength of the single columns and the 
installation operation, they would be expected to be 
stronger. The lower values observed could be a result of the 
way in which the overlap columns were formed. They were 
augered, with difficulty, through the one-day old single 
columns and so it is likely that a reduced amount of grout 
was injected and that effective mixing of the grout and soil 
was not achieved, resulting in the overlap columns being 

made up of lumps of single column mix material coated 
with grout. Physical inspection of the overlap column 
samples supports this interpretation in that they were 
generally weaker quality cores than those of the single 
column mixes.   
 
Table 6. Average UCS results (in kPa) at 5 years. 
 

Mix Made ground Sand & gravel 
A 2368 4362 
B 5406 4081 
C 3763 5832 
D 4619 3971 
E 3908 3964 
F 4068 2964 
G 2969 3008 
Bo 3333 6090 
Co 4106 5321 
Do 1486 1218 
Eo 1752 2432 

 
Table 7. Average permeability (x10-9 m/s) at 5 years. 
 

Mix Made ground Sand & gravel 
A 0.86 1.23 
B 1.25 0.66 
C 0.34 0.35 
D 0.51 0.65 
E 0.31 0.92 
F 1.85 0.95 
G 0.31 0.30 
Bo 0.93 0.21 
Co 0.23 0.28 
Do 1.40              1.60    
Eo 3.20 1.30 

 
 
 The leachability and leachate pH results are shown in 
Tables 8 and 9 for the TCLP and NRA tests respectively. 
Table 8 shows some of the results from the TCLP testing 
comparing the leachability of a number of heavy metals at 2 
months and 5 years after treatment. The table shows that 
although the concentrations at 2 months were well below 
drinking water standards (DWS), this was not the case at 5 
years. The copper, zinc and lead concentrations increased 
by 3, 104 and 82 times respectively. The copper and zinc 
concentrations were however still below their respective 
drinking water standard while the concentration of lead was 
up to 50 times higher. This increase in concentration can be 
associated with the reduction in pH which generally caused 
the solubility of the heavy metals to increase. 
 Table 9 shows the leachate pH and leachability of the 
heavy metals from the NRA leaching test (Lewin et al. 
1994) which was the test used in the UK until recently 
superseded by the new EU tests. This table presents the 
results for both the made ground and sand and gravel soils 
and also for the overlap zones. Lead and cadmium were 
also measured but found to be below their detection level. 
Table 9 shows that the concentration of copper, up to 
1.78mg/L, and zinc, up to 0.07mg/L, are below their 
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drinking water standards. However the nickel 
concentration, up to 0.42mg/L, is up to 9 times higher than 
its drinking water standard. The average 5-year NRA 
leachate concentrations of mineral oil, up to 0.054mg/L, is 
up to six times the drinking water standard although most 
of the values are only slightly higher than the drinking 
water standard of 0.01mg/L. The total petroleum 
hydrocarbons (TPH) concentrations show that about 50% of 
those are due to the presence of the mineral oil fractions 
(C20-C40). The other 50% was due to the lighter diesel 
fractions (C10-C20) with no concentrations from the lighter 
gasoline fractions (<C10). 
 According to the set criterion for the leachate 
concentrations, of up to 50 drinking water standards, all the 
above concentrations of heavy metals and organic 
compounds from both leaching tests are acceptable. 
However recent standards have been produced by the UK 
Environment Agency (EA 2000) which specify upper limit 
concentrations for groundwater which are lower than 
drinking water standards. What is acceptable concentrations 
will therefore need to be considered in the light of the 
appropriate applicable standards. 
 Comparing the NRA leachate concentrations of copper 
and zinc in the made ground at 5 years (Table 9) with the 
corresponding TCLP concentrations (Table 8) shows that 
while the copper concentrations are similar the zinc and 
lead concentrations are much lower. This can be attributed 
to the higher leachate pH values of the former. The 
different results from the two different tests emphasise the 
importance of using tests relevant to the conditions 
encountered on the specific site.  
   
Table 8. TCLP leachability of heavy metal and 
leachate pH for some of the made ground mixes in 
mg/L  at (a) 2 months and (b) 5 years. 
 

Mix pH Cu Zn Pb 
B 10.1 0.24 0.23 0.03 
C 10.9 0.13 0.005 0.04 
E 10.8 0.31 0.01 0.02 

DWS  3 5 0.05 
                        (a) 

Mix pH Cu Zn Pb 
B 7.4 0.64 1.14 2.48 
C 7.6 0.59 0.52 0.45 
E 6.8 0.62 0.85 0.66 

DWS  3 5 0.05 
                       (b) 
 
     NRA leachate concentrations from the untreated site 
soils are shown at the bottom of Table 9. It is clear from 
those results that the heavy metal concentrations leached 
from the untreated soils were much higher than those 
leached from the treated soils. They range from being 
slightly higher to 350 times higher than the highest 
concentrations in the treated soil leachates. The leachate 
concentrations of mineral oil and TPH in the untreated soils 
are on average up to four times higher than the average of 
those from the treated soils. However, the TPH 
concentrations in the untreated soil leachates are lower than 

the highest values in the treated soil leachates, those being 
of mixes E and Eo (overlap). Due to the extremely low 
solubility of these organic compounds, a high level of 
heterogeneity in the contaminant concentrations in the site 
soils would be expected and this could explain the very few 
high leached concentrations of TPH. This could also lead to 
the conclusions that the treatment is less effective for high 
organic concentrations. This is the subject of further 
investigation. 
 
Table 9. NRA leachate pH and leachability of heavy 
metals and hydrocarbons at 5 years (mg/L) for (a) the 
S/S made ground and (b) the S/S sand & gravel. 
 

Mix pH Cu Zn Ni TPH Oil 
A  9.5 0.20 <0.005 0.13 0.012 0.012 
B 11.0 1.18 <0.005 0.02 0.020 0.014 
C 11.3 1.36 <0.005 0.09 0.023 0.014 
D 11.3 1.42 <0.005 0.07 0.020 0.012 
E  8.3 0.51 <0.005 0.14 0.065 0.029 
F 10.2 0.36 <0.005 0.13 0.024 0.016 
G 11.2 0.49 <0.005 0.12 0.039 0.016 
Bo 11.2 0.31 0.02 0.32 0.034 0.017 
Co 11.2 0.38 0.02 0.42 0.023 0.016 
Do 10.7 0.40 <0.005 0.31 0.023 0.016 
Eo 11.2 0.45 <0.005 0.31 0.034 0.021 

DWS  3 5 0.05  0.010 
USS 7.3 4.97 7.10 3.89 0.060 0.045 

   (a) 

Mix pH Cu Zn Ni TPH  Oil 
A 10.3 0.51 <0.005 0.30 0.020 0.014 
B 11.2 1.78 <0.005 0.04 0.017 0.017 
C 11.3 1.73 <0.005 0.05 0.020 0.020 
D 11.3 0.87 <0.005 0.17 0.013 0.013 
E 10.0 0.21 <0.005 0.11 0.012 0.012 
F  9.4 0.15 <0.005 0.21 0.021 0.014 
G 10.5 0.25 <0.005 0.01 0.023 0.016 
Bo 10.9 0.22 <0.005 0.37 0.019 0.011 
Co 11.2 0.50 0.07 0.32 0.036 0.011 
Do 11.3 0.23 <0.005 0.26 0.028 0.012 
Eo 11.4 0.33 <0.005 0.24 0.140 0.054 

DWS  3 5 0.05  0.010 
USS 7.7 2.10 2.27 2.43 0.093 0.068 

  (b)     
TPH: Total Petroleum Hydrocarbon, DWS: Drinking water standard, USS: 
Uncontaminated site soil, subscript ‘o’ denotes overlap column material. 
 
 Flow-through permeability tests were also carried out, 
using the same water used in the NRA leaching tests, for 
comparison with the batch leaching tests. In those tests, the 
volume of the leachate produced was up to 400mL giving 
an extremely low liquid:solid ratio compared to those used 
in the NRA and TCLP leaching tests. However the flow 
volume, which was equivalent to 5 pore volumes, is usually 
considered representative of long-term flow conditions 
through barriers or landfill liners. Concentrations of zinc in 
the made ground mixes and lead and cadmium in both soil 
mixes were all below detection levels which were also 
below their drinking water standards. However the 
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concentrations of copper and nickel were high and these 
concentrations need to be assessed in relation to critical 
leaching conditions in situ. The very low concentrations of 
lead, cadmium and zinc show that for those heavy metals, 
the leaching conditions do not affect the concentration in 
the leachate. The pH values ranged between 8.0 and 9.3 
which are lower than the values measured in the NRA 
leaching test. This shows that the alkalinity of the 
cementitious materials was less activated in the flow-
through leaching tests compared to the NRA agitation test. 
 The samples were also subjected to wet-dry and 
freeze-thaw durability testing (ASTM 1988; 1990). The 
resistance of the samples at 5 years to wet-dry cycles was 
very high with a maximum cumulative mass loss of up to 
2%. The freeze-thaw samples were subjected to a 
temperature of -10oC. This is a revised value from that 
specified in the ASTM test method of -20oC to consider 
less severe conditions which are more applicable to UK 
conditions. In general the S/S made ground samples 
survived better than the S/S sand & gravel. This is probably 
linked to the higher presence of clay in the former.  
     The freeze-thaw durability of the made ground overlap 
column mixes was consistently better than that of the single 
column mixes. This shows that the increased grout content 
in the overlap columns improved their resistance to freeze-
thaw cycles. Hence the earlier hypothesized structure of the 
overlap columns did not have a detrimental effect on the 
freeze-thaw performance. It is however likely that an even 
better performance would be obtained if effective mixing 
had taken place in the overlap columns. In general, more 
than half the samples failed the freeze-thaw durability test. 
However, it has recently been stated that freeze-thaw 
testing should only be applicable in the UK to the top 1m of 
the treated ground (Evans et al. 2001). On the other hand, it 
has also been proposed that such short-term exposure to 
severe environmental conditions is representative of long-
term exposure to less severe conditions (Kirk 1996) and 
hence represents a predictive test for long-term durability 
performance under real environmental conditions. This 
correlation is yet to be validated. 
 The microstructure of the mixes was also investigated 
using scanning electron microscopy (SEM) and X-ray 
Diffraction (XRD). Typical 5-year XRD diffractorgrams 
are shown in Figures 20(a) and (b) of the made ground 
single and overlap column mixes respectively. The 
diffratograms are typical of all the mixes of both soils and 
both single and overlap columns and they show a similar 
behaviour at that level. The strongest peaks after those of 
quartz are of calcium carbonation, the latter forming as a 
result of the carbonation of portlandite. Slight portlandite 
peaks are present which is consistent with the high intensity 
of the CaCO3 peaks. Slight ettringite and calcium aluminate 
hydrate (CAH) peaks can also be seen indicating that 
intermediate hydration products are still present. Calcium 
silicate hydrate (CSH), another hydration product, is 
undetectable by XRD being a poorly crystalline solid. 
There are slight peaks of alite and belite indicating the 
presence of some unhydrated cement. Similarities between 
the diffractograms of the single and overlapping column 

mixes supports the hypothesis that the overlap column 
mixes are most likely to be made up of single column 
material, coated with the grout. 
     Typical SEM micrographs of the made ground and sand 
& gravel from the single and overlap column mixes, at five 
years are shown in Figures 21(a) to (f). The crystalline 
phases identified in the XRD patterns are easily observed in 
the micrographs. Figure 21 shows examples of needle-like 
ettringite crystals, the poorly crystalline gel and fibrous 
growth of CSH and reacted and unreacted spherical PFA 
particles with surface hydration products. More 
sophisticated microstructural analyses, e.g. electron probe 
microanalysis, will need to be employed to identify the 
form in which the contaminants are present within the 
solidified/stabilised matrix and whether the contaminants 
are physically or chemical fixed. 
 In general, there was variability observed in the results 
which is attributed to the presence of extraneous materials, 
common in made ground, and variable levels of mixing of 
the grout with the soil. It is therefore recommended when 
testing soil-mixed stabilised/solidified contaminated ground 
that use is made of a larger number of samples than usually 
specified in test methods. The specific number of samples 
which would be considered satisfactory would have to be 
site-specific. This will be influenced by the degree of 
variability within the soil, quantity and type of extraneous 
objects present and the effectiveness of the mixing process. 
The appropriate number of samples could perhaps be 
decided upon if maximum allowable margins of errors are 
set for individual tests. The remaining cores are being cured 
in the laboratory and are currently being tested to look at 
their 10-year behaviour. The results of this work are 
providing some of the much needed data on the longer-term 
performance of soil-mixed S/S contaminated soils. 
 
9.3.3 Accelerated ageing 
 Over the past 5 years the author’s team has been 
involved in the development of techniques for predicting 
the long-term behaviour of S/S treated material using 
accelerated ageing. Methods, which are currently being 
investigated include the use of elevated temperatures and 
accelerated carbonation (Chitambira 2004, Perera 2005). 
 Elevated temperatures: The degree of hydration 
characterises the hydration behaviour of a specific 
cementitious mix at a given temperature. The compressive 
strength in cementitious  materials is a function of the 
degree of hydration. This is known to increase with 
temperature and time and hence elevated temperatures have 
been used for the accelerated ageing of concrete and 
cement-soil mixtures (Clare and Pollard 1954; Sherwood 
1993). However little use of this technique has been made 
when contaminants are present as this could introduce 
complex interactions (Kirk 1996). Using the Arrhenius 
theory for the rate process of chemical reactions (Brown 
and LeMay 1988) the development of mechanical 
properties of cementitious materials as a function of curing 
time and temperature can be expressed in terms of their 
maturity (Carino and Lew 2001) which refers to the extent 
of the development of a property of a cementitious mixture. 

Volume 2

722 Deep Mixing´05



 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
Figure 20. Diffraction patterns of the S/S made ground of (a) single columns and (b) overlapping columns. Q: 
Quartz, E: Ettringite, C: CaCO3, P: Portlandite, A: Alite, B: Belite, H: CAH.  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 21. Typical SEM micrographs at 5 years: (a) mix E sand & gravel, (b) mix D made ground, (c) mix E made 
ground, (d) mix B sand & gravel, (e) mix Bo made ground and (f) mix Bo sand & gravel.  
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Ageing is a phenomenon that is charaterised by a change in 
the relative proportions and physical properties of a mixture 
during hydration. The time required for a cementitious 
mixture to achieve the same level of development under the 
influence of the actual (field) time-temperature (t-T) history 
in relation to the reference temperature (To) is described by 
a maturity function. The underlying theory of the maturity 
concept is that concrete with the same maturity will have 
the same strength regardless of the time-temperature 
history. 
 The Arrhenius equation is one of the models used to 
account for the time-temperature history of the curing 
process of concrete by determining a relationship between 
temperature and a rate constant, k, usually a rate constant 
for compressive strength development or one for the degree 
of hydration development. Simply written, the Arrhenius 
equation is given by: 
 
 
 
where A is a constant, T is the absolute temperature (K), R 
is the universal gas constant (8.3144 J/Kmol) and Ea 
(J/mol) is the apparent activation energy, and not a true 
activation energy because cement is a non-homogeneous 
system. The apparent activation energy is a measure of how 
sensitive the mixture is to temperature changes. A plot of  
ln k versus 1/T should give a straight line whose slope is     
-Ea/R. Hence, at any given curing temperature of interest 
(T), during time t, an equivalent time (te) can be calculated 
relative to the reference temperature (To) as follows: 
 
 
 
 

The ratio te/t is a mathematical shift factor (aT) by which 
results at temperature T should be shifted along the x-axis 
in order to obtain the same behaviour or shape as results 
obtained at the reference temperature. The equivalent time 
te represents the time required at the reference temperature 
To to obtain the same behaviour as that obtained at an 
elevated temperature T in time t. 

In adopting the Arrhenius equation, all the important 
chemical reactions and transport mechanisms during 
cement hydration are assumed to be affected by 
temperature increase by approximately the same extent. 
Since the apparent activation energy (Ea) provides a link 
between two time-temperature regimes, any change in the 
ingredients or components making up the system would 
result in a different Ea value. Also there is a possibility that 
the apparent activation energy is not a constant (Kim et al. 
2001) such that it can change with age and temperature. 
 Accelerated carbonation: In cementitious 
materials, carbonation naturally takes place as a slow post-
hydration long-term process. In this process the main 
hydration product of cement, the calcium silicate hydrate 
(CSH), reacts with CO2 from the atmosphere to form 
calcium carbonate (CaCO3) and silica gel. In addition, the 
other main hydration product, calcium hydroxide or 

portlandite also reacts with CO2 to form CaCO3. This leads 
to: 
(i)  lowering of the pore fluid pH,  
(ii) volume changes, due to conversion of portlandite to 
calcite, and  
(iii) the decalcification of CSH (Lange et al. 1996a) and 
probably a gain in strength and weight.  
 In an accelerated carbonation process, CO2 could be 
introduced from the start. In this case there is a primary 
carbonation process, taking place at the same time as the 
hydration process, followed by a secondary carbonation 
process. These are complex processes involving the 
principal phases in cement, namely C3S and C2S. A 
simplified reaction scheme for the primary carbonation 
process of C3S is shown below:  
C3S + yH2O + (3-x)CO2   →   CxSHy  +  (3-x) CaCO3 
CxSHy  + zCO2   →  C(x-z)SHy + zCaCO3  
 Dicalcium silicate reacts in a similar manner to 
tricalcium silicate. Tricalcium aluminate (C3A) and 
tetracalcium aluminoferrite (C4AF) appear inert because of 
the rapid formation of an impermeable skin on their surface 
(Maries 1998). Another accelerated carbonation effect is 
the decomposition of ettringite, an intermediate hydration 
product, to CaCO3 and gypsum and also aluminium gel in 
the presence of moisture. Factors affecting the process of 
accelerated carbonation include:  
(i)  diffused CO2 percentage and rate,  
(ii) permeability of the material, which is dependent on the 
water:cement ratio and degree of compaction,  
(iii) internal surface area,  
(iv) presence of certain ions,  
(vi) temperature and humidity and 
(vi)  binder system. 
 If accelerated carbonation of cement takes place in the 
presence of low-lime PFA then there will be competition 
between the PFA and the CO2 over the calcium hydroxide 
formed and this could lead to retardation of the pozzolanic 
reactions of PFA.  In addition, some contaminants would 
interfere with natural hydration processes or pozzolanic 
reactions and this could be detrimental to accelerated 
carbonation processes. However under accelerated 
carbonation conditions, the formation of calcium carbonate 
could help seal the contaminants within the cementitious 
matrix or there could be direct beneficial reactions between 
some contaminants and CO2. 
     Results: Typical results of one of the mixes tested, mix 
E sand & gravel (Table 5), subjected to both elevated 
temperatures and combined elevated temperature and 
accelerated carbonation are shown in Figure 22(a) and (b) 
respectively. Figure 22(a) clearly shows that the UCS 
increases with curing temperature and time. Figure 22(b) 
shows the effect of carbonation, at 90% relative humidity, 
on the same mix. The UCS has been significantly reduced 
and they are much lower than the site results. This shows 
that the level of carbonation applied (at 20% rate) was 
excessive and that a reduced level should be attempted. 
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Figure 22. UCS of mix E sand & gravel subjected to (a) elevated temperature alone and (b) combined elevated 
temperature and accelerated carbonation. 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
               (a) 21oC, 1 month                            (b) 45oC, 1 month                                    (c) 60oC, 1 month 
  
 
 
 
 
 

 
 
 
 

 
 
 
 
 (d) 21oC, 3 months                          (e) 45oC, 3 months                                                   (f) 60oC, 3 months
Figure 23. Typical SEM micrographs of mix E sand & gravel at elevated temperatures of 21oC, 45oC and 60oC at 
1 and 3 months. 
 
 
 
 
 
 
 
   
 
 
 (a) 21oC, no CO2, outer zone (b) 45oC, CO2, outer zone   (c) 60oC, CO2, outer zone  
 
   
 
 
 
 
 
 
 
 (d) 21oC, no CO2, core zone (e) 45oC, CO2, core zone   (f) 60oC, CO2, core zone 
Figure 24. Typical SEM micrographs of mix E sand & gravel at combined elevated temperatures of 21oC, 45oC 
and 60oC and accelerated carbonation at 20% CO2 and 90% relative humidity, at elevated temperatures only, at 
1 and 3 months. 
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 The SEM micrographs in Figures 23 and 24 for the 
elevated temperature alone and combined elevated 
temperature and accelerated carbonation respectively are 
consistent with the UCS results. At 1 month, Figure 23 
clearly shows that at 21oC the microstructure were quite 
featureless with a few ettringite crystals. There was no 
coherence in the microstructure, typical of partially 
hydrated cementitious mixtures. The proportions of the 
crystals increased slightly at 45oC, but were still disjointed. 
Only at 60oC were there more ettringite crystals interlaced 
in a slightly continuous network of hydration products.  
 At 3 months the micrograph at 21oC showed small 
connected powder like particles less than 1μm in diameter, 
scattered throughout and intermingled with some hydration 
products. These could have been the crystals formed by the 
contaminant compounds. At 45oC the powder-like crystals 
seemed to be glued together. At 60oC, a network of honey-
comb hydration products was obtained intricately 
surrounding the PFA spheres. On the other hand the small 
spherical powder-like crystals seemed to form clusters that 
smothered the bigger PFA spheres. The microstructure 
generally looked honey-combed and compact, which 
probably explains the higher UCS values obtained 
especially at the elevated temperatures. The close 
association of the PFA spheres with the hydration products 
increased with increasing curing temperature. 
 The SEM micrographs of samples following combined 
heating and accelerated carbonation shown in Figure 24 
clearly  show  the  effect  of  carbonation at 45oC and 60oC. 
 
 
 
 
 
 
 
 
 
 

 
 (a)          (b) 
 
 
 
 
 
 
 
 
 
 
 
 (d)                                     (e)
  
Figure 25. The modelling results of the S/S E sand & 
gravel mix subjected to (a) – (c) elevated temperature 
alone and (d) – (f) combined elevated temperature 
and accelerated carbonation.  
   

The micrographs show a high level of carbonation in 
particular in the outer zone which had fully carbonated and 
to a lesser degree in the core zone.  
     The Arrhenius modelling results for both treated soils is 
shown in Figure 25. From Figure 25(a-c) for elevated 
temperature alone, the apparent activation energy is 
evaluated as 51,400J/mol. The equivalent time (te) for 
subjecting mix E sand & gravel at an elevated temperature 
of 60oC for 90 days is 1053 days i.e. 2.9 years. Similarly 
from Figure 25 (d-f) a value of Ea of 63,500 J/mol is 
obtained. This Ea value is 24% higher than that obtained for 
the elevated temperatures alone conditions. This value 
yields an equivalent time of around 5.2 years for samples 
cured at 60oC for up to 90 days. The Ea value calculated for 
the contaminated mix subjected to elevated temperature 
alone was 19% lower than that of the corresponding value 
for the uncontaminated mix (Ea of 63,220J/mol). This 
suggests that the presence of the contaminants which has 
caused some retardation in the hydration, evident in lower 
UCS values, has also resulted in a lower Ea value. Carino 
and Lew (2001) reported values of Ea between 30,000 and 
60,000J/mol for concrete with water/cement (w/c) ratio of 
0.45-0.6 hence the values measured are at the higher end of 
this range. The values of the UCS measured on site were in 
between the two results measured using elevated 
temperature alone and combined elevated temperature and 
accelerated carbonation. Hence further refinement of the 
accelerated ageing work is needed and this is part of an on-
going work programme. 
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9.4 General observations 
There is currently increasing use of S/S treatment of waste 
and contaminated land and in particular of soil mixing 
applications. This is because of the numerous advantages 
that soil mixing has over other treatment and remediation 
techniques. An increasing number of commercial 
applications is taking place worldwide as well as increasing 
research efforts. However, there is currently a conservative 
approach towards in-situ S/S work and in particular the 
deep soil mixing type of S/S applications and unless there is 
new legislation making landfilling unviable it is unlikely 
that in-situ S/S using deep soil mixing for the remediation 
of contaminated ground will develop substantially in 
countries like the UK. This is because although there is 
great pressure to redevelop brownfield sites and despite the 
clear advantages of in-situ S/S using soil mixing, 
particularly in terms of low costs, landfilling is currently 
still the preferred option. The fear of later liability and risk, 
which could be associated with in-situ S/S by soil mixing, 
is the reason preventing its rapid use. The perceived lack of 
any later liability and risk associated with landfilling 
maintains it as the most preferred remediation method, even 
if it involves higher costs. Such risks need to be quantified, 
particularly in the longer term, so that concrete evidence 
can be used to provide further validation of soil mix 
technologies. Increased research efforts which include full-
scale trials, post-treatment monitoring and long-term 
assessment will provide better understanding and more 
confidence in the technology. More commercial level 
projects with monitoring and publicising of the results 
would also help alleviate some of the concerns present. 
 
 
10 FUTURE NEEDS IN RESEARCH AND 
DEVELOPMENT 
 
A list of priority research ideas were identified by the core 
members of the Network STARNET and a second priority 
list was compiled at the STARNET workshop in July 2002. 
These are listed in Tables 10 and 11 below. These lists give 
an indication as to where current research is needed and 
where the areas of knowledge gaps are. A number of 
research proposals are currently being developed within the 
UK as part of the Network STARNET and also 
independently and similarly a number of international 
collaborations are also being formulated. 
 
 
11    CONCLUSIONS 
 
This report presented an overview of the state of practice on 
stabilisation/solidification (S/S) of contaminated materials, 
including waste and contaminated land, covering 
developments in a number of areas over the past few years 
with particular emphasis on deep soil mixing applications. 
The report covers the range of binders and implementation 
techniques used, testing and performance assessment, 
binder and contaminant interaction and environmental 
impact of S/S materials. It then includes outlines of 

initiatives such as the network STARNET, publications, 
including books and guidance documents, and the latest 
research activities including papers in the proceedings of 
the recent international conference on Stabilisation/ 
Solidification Treatment And Remediation – Advances in 
S/S for Waste and Contaminated Land and those presented 
at the Deep Mixing 05 Conference in Stockholm. 
 
Table 10. The research priorities list identified by the 
core members of the Network STARNET. 
 

Rank Topic 
1 Long-term performance (forensic examination 

of actual sites) 
2 Acceptance criteria to meet end-uses 
3 Accelerated ageing methods and testing 
4 Modelling (of performance and environmental 

impact) 
5 Containment and release mechanisms 
6 Monitoring (site monitoring of performance of 

S/S systems) 
 
Table 11. The 15 research priorities identified at the 
STARNET workshop in July 2002. 
 

Rank  Topic 
1 Calibration of laboratory results to the field and 

modelling 
2 Binder/contaminant interactions 
3 Standards/protocols for minimum reporting and 

monitoring 
4 Binder characterisation (source variability and 

standard specifications) 
5 Organised access to information (case studies, 

databases, reviews & identification of gaps) 
6 Proof of durability 
7 Codes of practice for binders and construction 
8 Speciality binders (for problem 

soils/contaminants, organics and soluble salts) 
9 Theory of mixing (homogenisation, in-situ, ex-

situ) 
10 Robust systems and applicability guidelines/ 

matrix 
11 Clarity of leaching tests 
12 Clear guidance from end users and priorities for 

research 
13 Guidance for non-technical specialists 
14 QA/QC on ex-situ and in-situ processes 
15 Risk assessment 

 
 Details of two case studies, one commercial and one 
research, on S/S of contaminated sites with deep mixing are 
presented. On the commercial side, the increasing number 
of projects being performed using soil mixing for the in-situ 
stabilisation/solidification of contaminated sites is gradually 
providing confidence in this technology. Soil mixing was 
found to be the most cost effective method in a number of 
commercial applications with many advantages over other 
containment and remediation methods. 
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 On the research front considerable advances in 
knowledge and understanding are being made in terms of 
the effectiveness of soil mixing in the in-situ  
stabilisation/solidification of contaminated site soils and 
wastes, both in the short and long terms and also the 
application of this technique to a wider range of 
geoenvironmental problem scenarios.  
          As with many new technologies there is often a 
reluctance to use them in preference to well-established 
methods. However, there are now an increasing number of 
soil mixing projects being performed commercially and 
these, together with their post-treatment monitoring results, 
should lead to further validation of the technology. Also, 
because of the very wide range of site conditions and the 
fact that remediation is usually site-specific, there is a need 
for extensive site trials and more projects on varied ground 
and contaminant conditions to be carried out, to develop 
sufficient experience in soil mixing S/S applications for the 
treatment of contaminated materials. Despite reluctance 
from clients, there is certainly interest and demand from 
industry for research into applications of in-situ S/S using 
soil mixing to different soil conditions as more companies 
have chosen to enter this market and develop their own soil 
mixing equipment, and methodologies and treatments 
offered. Hence combined efforts between industry and 
academia will drive the technology forward and ensure that 
soil mixing, with its numerous and obvious advantages over 
other containment and remediation methods, is more 
attractive to land developers and waste regulators. In 
addition, further knowledge of the underlying scientific and 
engineering principles of binder-contaminant interactions 
and the long-term performance will promote acceptance 
and widespread use of the technology. 
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ABSTRACT: The state of practice of deep mixing concerning execution, monitoring and quality control is highlighted and 
discussed. Important recently published publications and different deep mixing methods are briefly reviewed. The mixing 
process in-situ is described and present knowledge concerning influencing factors are reviewed and discussed. The quality 
control concept of deep mixing is discussed and control methods are reviewed. The extent of testing and the evaluated 
strength- and deformation properties are discussed. The concept quality and variability in deep mixing are discussed. 
 
 
 
1 INTRODUCTION 
Ground improvement by deep mixing is today accepted 
world-wide in order to improve permeability and strength 
and deformation properties of soils. The experiences have 
been positive and deep mixing methods are undergoing 
rapid development, particularly with regard to the 
explicabilities and cost effectiveness.  

The aim of the execution and installation process in deep 
mixing is to transport and distribute the binder in a way to 
produce a sufficiently uniform mixture. Compared to other 
mixing operations the execution and installation process in 
deep mixing is very complex. A series of operations and 
mixing mechanisms occur and it is difficult to monitor the 
entire process continuously in-situ. The wide variations in 
local geology, the difficulty of predicting the rheological 
properties of the soil-binder mixture, field conditions 
affecting equipment etc., all make it difficult to monitor, 
control and study the installation process in the field. 
Similarly, as for the installation process, the complex 
conditions result in special challenges with respect to the 
quality assurance of the stabilised soil. For example, it is 
still not possible to predict, from only tests on laboratory 
prepared specimens, the strength and deformation 
properties on a reasonable level of accuracy. There are 
many variables that differ between laboratory and field 
conditions related to the mixing process, curing conditions 
and environmental variables. The achieved properties in the 
improved soil must normally be estimated and verified by 
field tests and measurements, e.g. core sampling, 
soundings, in-situ tests and geophysical test methods.  

In this report, the present state of practice concerning 
execution and quality control is outlined. Recently 
published knowledge is reviewed and discussed with a 
special focus on the papers presented at the conference. The 
mixing process in-situ and influencing factors are 
discussed. Different test methods are reviewed. The report 
also discusses the conception of quality, inherent properties 

variability, evaluated properties, and the extent of testing 
and sampling with special reference to statistical 
evaluations. Parts of the text is taken from the authors´ own 
work on the mixing process and stabilised soil variability 
(Larsson, 2003 and the corresponding papers Larsson, 
2001; Larsson et al., 2005a,b,c).  

 
2 IMPORTANT PUBLICATIONS 
A large number of general reviews concerning deep mixing 
have been presented during the years, primarily in 
connection to conferences. In spite of a great interest and a 
large amount of publications, few deal with the execution 
of deep mixing, especially the mixing process in-situ and 
influencing factors. Somewhat more papers deal with 
quality assessment and test methods.  

The IS-Tokyo´96 conference (Yonekura et al., 1996) is a 
benchmark in an international perspective. During the 
1980s, deep mixing methods developed explosively in 
Japan. During that time, the Japanese technologies and 
experiences were presented mainly in Japanese journals and 
in national conferences. However, at the IS-Tokyo´96 
conference a wide range of Japanese technologies were 
presented in a large number of papers.  

Dry deep mixing in Sweden was developed in the mid 
1970s by principally one contractor. During the 1980s, the 
development of dry deep mixing was mainly provided by 
government clients, research institutes and universities. The 
tardy development concerning execution and the 
installation process was mainly due to a limited market. An 
extensive and rapid development started however in 
connection to a large investment program for infrastructure 
projects at the end of the 1980s. The “Dry Mix Methods for 
Deep Stabilization” conference in Stockholm 1999 
(Bredenberg et al., 1999) and the GIGS conference in 
Helsinki 2000 (Rathmaier, 2000) provide surveys of dry 
deep mixing in the Scandinavian countries.  
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Table 1.1 Recommended literature concerning 
execution and quality control 

   

Conferences Tokyo 1996 Yonekura et al. (1996) 

and Workshops Stockholm 1999  Bredenberg et al. (1999) 

 Helsinki 2000 Rathmaier (2000) 

 Tokyo 2002 Kitazume & Terashi  (2002) 

 New Orleans 2003 Johnsen et al. (2003)  

 Los Angeles 2004 Yegian & Kavazanjian (2004) 
   

Journal papers  Porbaha et al. (2001a)  
Porbaha (2000) 

 

   

Standards prEN 14679 (2005)  
   

Guidance’s  SGF (2000)  

 CDIT (2002)  

 EuroSoilStab (2002)  
   

Monographs Topolnicki (2004)  
   

 

A workshop on deep mixing was held in Tokyo 2002, 
organized by the port and Airport Research Institute and the 
Coastal Development Institute of Technology in 
collaboration with CEN TC288/WG10. The proceedings 
from this workshop provide an overview of current practice 
and recent trends especially in Japan (Kitazume & Terashi, 
2002).  

In the beginning of the 1990s, deep mixing methods were 
used in increased proportions in Europe, Asia and North 
America. The number of papers concerning deep mixing 
also increased dramatically. Not only because of the 
increased number of English-speaking authors, but also 
because Japanese and Scandinavian operators started to 
write papers in English. However, there are still few papers 
concerning execution and quality control in scientific 
Journals. Besides a number of “review” papers recently 
presented at conferences and workshops (e.g. Hosoya et al., 
1997; Yoshizawa et al., 1997; Bruce et al., 1998a, 1999, 
2000; Halkola, 1999; Bredenberg, 1999; Holm, 2000;  
Terashi & Juran, 2000; Terashi, 2002b, 2003; Usui, 2005), 
the author recommends the journal papers by Porbaha et al. 
(2001a) and Porbaha (2002) concerning execution and 
quality control respectively.   

A survey on deep mixing methods is presented by Bruce 
(2000) and an extensive and excellent survey of deep 
mixing methods is presently presented by Topolnicki 
(2004). Furthermore, the Japanese guideline, CDIT (2002), 
deals with Japanese techniques and experiences. A very 
important document in the near future is the European 
standard concerning execution, prEN 14679 (2005), which 
is shortly presented by Hansbo & Massarsch (2005). Other 
publications and conferences/seminars of interest are listed 
in three Regional reports of Europe (Massarsch & 
Topolnicki, 2005), Asia (Nozu, 2005) and Northen America 
(Porbaha et al., 2005).  

 

 

3 EXECUTION 
 
3.1 Introduction 
The principal purpose of execution and the mixing process 
in deep mixing is to bring about changes in physical 
properties in a soil. Mixing takes place between two 
materials when they come into contact with each other and 
are deformed so that the contact area between them 
increases. Soft soils like clay have high resistance to 
deformation due to viscous elastic properties, i.e. 
movements only take place in a narrow volume around the 
mixing devise. Relatively large forces are necessary to 
overcome this resistance. Mixing also takes place when 
materials are cut into smaller elements and redistributed. A 
satisfactory mixing process produces a mixture of the 
required uniformity in the shortest possible time and at the 
lowest possible cost in terms of machinery, power and 
labour. 

There are a number of newly presented reports concerning 
execution and monitoring, especially focusing on different 
deep mixing methods, the machinery and technical data. 
The author considers these reports to be extensive, well 
written and highly recommended, and therefore, this report 
focuses on the mixing process in-situ and not on the 
machinery. Furthermore, European standard concerning 
execution prEN 14679 (2005) provides a checklist for the 
information needed for the execution of the work, 
geotechnical investigations etc.   

The European standard prEN 14679 (2005) frequently uses 
the term “mixing” defined as “the mixing process involves 
mechanical disaggregating of the soil structure, dispersion 
of binders and fillers in the soil“. In spite of the fact that the 
term “mixing” is a central conception, few publications 
really treat the term in a stringent and scientific sense.  

 

3.2 Deep mixing methods 
From a scientific point of view, it is difficult to separate 
shallow soil stabilisation and deep mixing. According to 
prEN 14679 (2005) deep mixing involves “mixing by 
rotating mechanical mixing tools where the lateral support 
provided to the surrounding soil is not removed”. 
Traditionally, shallow soil stabilisation is related to the 
shallow subgrade under e.g. road constructions, whereas 
deep mixing is related to the improvement of the whole soil 
deposit. According to prEN 14679 (2005) deep mixing 
involves “treatment of the soil to a minimum depth of 3 m”. 
Most of the deep mixing methods uses paddle formed 
blades or augers mounted on one ore more shafts.  

During the 1980s a number of different deep mixing 
methods were developed in Japan, most of them having 
unique names. Due to the large number of techniques a 
classification of deep mixing methods was necessary when 
the use of deep mixing increased world-wide. A rigorous 
classification is proposed by Bruce et al. 
(1998a,b and 1999).  Fig. 3.1 shows a general classification 
of deep mixing methods according to Topolnicki (2004). 
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The classification is based on (a) binder form, (b) mixing 
principle and (c) location of mixing action.  

 

Wet mixing 
The Japanese Cement deep mixing (CDM), or the “wet 
method” of deep mixing method (CDIT, 2002), was 
developed in the mid 1970s and represents the largest group 
of wet mixing techniques. In 1977 the CDM Association 
was set up to coordinate the development of the method in 
collaboration between industry and research institutes. 

Deep mixing by the “wet method” has been extensively 
used in Japan, particularly in marine projects. The 
development of deep mixing machines and a description of 
the execution procedure of the Japanese wet method are 
presently presented by Terashi (2002b) and Nakanishi 
(2002) respectively.  

There are a variety of ways of injecting water-based binders 
into the soil. A common approach is to inject part of the 
binder as the mixing tool is penetrating the soil, e.g. from 
the tip of a screw or paddle. As the mixing tool penetrates,   

 

 
Figure 3.1 Classification of deep mixing methods according to Topolnicki (2004)
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it disaggregates the soil and at the same time lifts it 
slightly in order to facilitate incorporation. The remainder 
of the binder is injected as the tool is withdrawn from the 
soil. On land, usually one or two mixing shafts are used 
and the diameter of the columns is about 1m (Nakanishi, 
2002). Fig. 3.2a shows the CDMLand4, where four shafts 
are combined. By providing the tool with an outer and an 
inner rod rotating in opposite directions it is possible to 
mix frictional materials by a mixing tool 2m in diameter 
(Isobe, 1996). 

It is common in Japan, especially in marine works, to 
install a number of columns simultaneously, using 
multiple shafts and mixing tools, Fig. 3.2b. It is possible 
by this method to efficiently construct configurations 
such as blocks, lattices, walls etc. (e.g. Kawasaki et al., 
1981; Nicholson et al., 1998). Column walls can be 
reinforced with I-beams (Schaefer et al., 1997). 
Reinforced columns can be used to construct gravity 
walls, VERT (Vertically earth reinforced technology), 
(Nicholson et al., 1998; Andromolos et al., 2000).  

The size of the mixing tools and the machines are 
gradually increased in order to increase the construction 
speed (Terashi, 2002). The mixing tool of the recently 
developed CDM-Column21 (Yoshida, 2002) method is 
equipped with a large number of blades in a rather 
complex design, Fig. 3.2c. Recently developed 
equipment uses four shafts for on-land works, Fig. 3.2a 
(Yoshida, 2002; Yoshida & Kawashima, 2005). A 
problem that may occur when blades are lying closely 
together is that the soil-binder mixture is clogging 
between the blades. The mixing tool can be provided 
with "anti-rotation vanes" which prevent the materials 
being mixed from rotating along with the tool. These 
vanes do not rotate in the soil and thus provide resistance 
to the rotating blades as they pass. These vanes are 
somewhat longer than the rotating blades and thus cut 
into the surrounding soil for support. The technique was 
presented in the early 1980s by e.g. Inoue & Hibino 
(1985) and Enami et al. (1986). 

CDM-LODIC (Cement Deep Mixing – Low 
Displacement and Control) was developed in 1985 in 
order to minimize ground movements (Sugiyama, 2002; 
Tanaka et al., 2002; Matsumoto et al., 1998). The 
principal is to remove a volume of soil equivalent to the 
volume of the mixing tool and the incorporated cement 
slurry. The whole lengths of the shafts are therefore 
equipped with a screw as shown in Fig. 3.2d. This 
technique makes the installation of large diameter 
columns (1.2 to 1.3 m) possible without large ground 
movements (Kamimura et al., 2005). A similar 
technique, Soil Removal Technique, is also presented by 
Hirai et al. (1996).  

Wet deep mixing was developed in the U.S. in the mid 
1980s by Geo-Con Inc. and SMW Seiko Kogyo at the 
Jackson Lake Dam (Ryan, 2005). The mixing tools were 
originally similar as the Japanese techniques but a 
number of companies in the U.S. have developed both 

single and multiple axis mixing devices as shown in Fig. 
3.2. A description of mixing tools, machinery and the 
execution procedure used by Hayward Baker is presently 
presented by Burke (2002).  

Deep mixing soil equipment has been developed in 
countries in Europe, such as Germany, France, England, 
Italy and Poland (Stocker & Seidel, 2005; Harnan, 1993; 
Harnan & Iagolnitzer, 1994; Paviani & Pagotto, 1991; 
Pagliacci & Pagotto, 1994; Topolnicki, 2002, 2003). A 
number of mixing tools that have been used in Europe are 
shown in Figs. 3.4a-d. The Colmix method, developed by 
Bachy in the late 1980s, involves mixing the soil with a 
water-based or dry binder by means of a helical tool. The 
binder is injected as the tool penetrates the soil. Mixing 
and compaction take place as the tool is withdrawn. The 
Trevimix method was developed in Italy in the early 
1980s and use both dry and wet binders. Keller and May 
Gurney have been used wet deep mixing since the end of 
the 1990s. 

In Japan it has also been a common practice to install 
rectangular columns (Mizutani et al., 1996; Watanabe et 
al., 1996). Technique for creating rectangular columns 
was developed in the early 1980s (Khono 1984). The 
main objective of the use of rectangular columns is to 
avoid overlap between circular columns. Two examples 
of equipments for this purpose appear in Figs. 3.5a and b. 
A somewhat similar technique, Cutter Soil Mixing, was 
recently developed in Europe (Fiorotto et al., 2005) as 
shown in Fig. 3.5c. Two vertically mounted cutter units 
create rectangular panels. The length of the panels varies 
between 2.2 and 2.8 m and the width varies between 0.5 
and 1.0 m. The panels can be combined in order to form 
different configurations such as rows, grids, blocks etc. 

In order to isolate waste disposal sites and to prevent the 
movement of toxide substances, deep mixing methods 
can be used. It is common to create column walls, grids 
or blocks in the ground. A relatively newly developed 
soil mixing wall method, TRD method (Trench cutting 
Remixing Deep wall method, Kamon (2000), is 
conducted with a chain-saw cutter device as shown in 
Fig. 3.5d. The advantage, compared to walls created by 
columns, is the secured continuity of the wall.  By motion 
of the chain the slurry around the cutters forms eddies 
and turbulent mixing occurs. A similar technique is 
developed in Germany called the Cut-Mix-Injection 
method (Sarhan, 1999), Fig. 3.5e. A 1 m thick rigid wall 
is created by a saw-shaped cut and mixing tool. 

As shown there exist a large number of deep mixing 
methods developed in Japan. Special-designed equipment 
has been used to improve the soil in horizontal direction 
under a railway embankment in order to improve the soil 
as temporary support, HEMS (Sugiki & Meada, 1996). 
Another system is a combined horizontal nail and cement 
deep mixing, RADISH (Tateyama et al., 1996). The 
principal is to increase the pull out capacity for the 
anchoring of e.g. gravity walls. 
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(a) CDM Land4   
(courtesy of CDM Association) 

(b) CDM marine. DCM-2 provided with eight-shaft mixing tool (Terashi, 2005) 
(courtesy of CDM Association) 

  

 
(c) CDM-Column 21  
(courtesy of CDM Association) 

(d) CDM-Lodic  
(courtesy of CDM Association) 

Figure 3.2  Wet deep mixing methods in Japan 
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(a) Hayward Baker  
(courtesy of Hayward Baker) 

(b) SCC, Taki (2000) 
(courtesy of SCC Techn. Inc.) 

 

   

  

 
 
 

 

 

(c) Geo-Solutions 
(courtesy of Geo-Solutions Inc.) 

(d) Raito 
(courtesy of Raito Inc.) 

 

   

  

 

(e) Two mixing tools for different soil conditions used by Schnabel 
 (courtesy of Schnabel Foundation Company) 

 

Figure 3.3  Wet deep mixing methods in the U.S. 
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(a) Colmix (courtesy of Bachy Soletanche Ltd) (a) May Gurney (courtesy of May Gurney) 
  

           

 

(c) Keller, Poland and UK respectively (courtesy of Keller)  
 

       
(d) Three mixing tools for different soil conditions used by Trevi  
(courtesy of Trevi) 

Figure 3.4  Wet deep mixing methods in Europe 
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(a) Rectangular column (www.shimz.co) 
(courtesy of  Shimizu Corporation) 

(b) Rectangular column (Watanabe et al., 
1996) (courtesy of Shimizu) 

(d) TRD  
(model, New Orleans 2003) 

   

  

 
 

 
 (c) Cutter Soil mixing, Bachy Soletanche and Bauer respectively 
(courtesy of  Bachy Soletanche Ltd; Fiorotto et al., 2005) 

(e) Cut-Mix-Injection method 
(www.sidla-schoenberger.de) 

Figure 3.5 Wet deep mixing by vertical rotating mixing tools 
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Dry mixing 
The two major dry method techniques are the Japanese 
DJM and the lime-cement column method, today referred 
as Japanese and Nordic technique, respectively, 
according to prEN 14679 (2005). 

The Public Works Research Institute of the Japanese 
Ministry of Construction developed the “Dry jet mixing 
(DJM) method” that is the largest group of dry mixing 
techniques. According to CDIT (2002) about the same 
volume of stabilised soil is carried out by dry and wet 
mixing, respectively. In the early 1980s a number of tests 
were performed in order to develop mixing tools 
(Nishibayashi et al., 1984). A variety of basic designs of 
mixing tool and different ways of incorporating binders 
into the soil were tested at this time. One of these was the 
method of allowing the binder to spread over the cross 
section of the column in the cavity formed behind the 
paddle of a mixing tool. Fig. 3.6a shows the standard 
mixing tool by the Japanese “dry method”, based on the 
principle that the binder is spread over the column cross 
section in the cavity formed behind the blades of the tool 
as it rotates in the soil. Faster rotation speeds increase the 
volume of the cavity and create a vacuum, which 
facilitates the process when manufacturing large-
diameter columns (Chida, 1982). Further, according to 
Chida (1982), this process causes the injected air to move 
towards the outer parts of the cavity. The air is then 
evacuated from the column via the shaft of the mixing 
tool. A mixing tool diameter of 1m and double shafts are 
adopted as standard in Japan (Yasui et al., 2005). 
Equipments for the installation of columns of 1,3 m in 
diameter are also available. Descriptions of the execution 
procedure of the Japanese dry method (DJM) are recently 
presented by Aoi (2002) and Yasui et al. (2005). Takeda 
& Hioki (2005) present a development of the Japanese 
dry deep mixing tool where the binder is incorporated 
from the end of the mixing blade. The binder outlet hole 
is placed on the edge of the mixing blade and by which 
the air-binder mixture is injected towards the mixing 
shaft. 

The Nordic dry deep mixing method was set into practice 
in the mid 1970s. Development of equipment for dry 
deep mixing in Sweden was begun in the early 1970s by 
Lindén-Alimak AB. The method was adapted for the 
market by BPA Byggnadsproduktion AB (Boman & 
Broms, 1975). Research and development on dry deep 
mixing started in Finland at the same time (Rathmayer, 
1997). In the years 1975 – 1979 many types of mixing 
tool were tested (Wikström, 1979). The aim in the early 
stages of development was a device of high production 
capacity. In coarser and more solid soils an auger type 
tool gave good results. A mixing tool similar as the tool 
shown in Fig. 3.6b was found to give the best results in 
soft clay. A tool with a number of tilted vanes (paddles) 
was tried, but it was found that the clay stuck to the tool, 
impeding mixing. The trials with the early tools are 
unfortunately unpublished and it is therefore not possible 
to review and comment on the results. 

Since the initial development of mixing tools in the 
1970s, most projects have been carried out with tools of 
the type in Figs. 3.6c and 3.4d. Slight variations of the 
"standard tool" exist as shown in Fig. 3.6c. Further 
development has been very limited. On the machinery 
side, however, development has been dramatic. 
Description of the execution procedure of the Nordic dry 
method is recently presented by Bredenberg (1999) and 
Larsson (2003). 

A development of the Nordic dry deep mixing method is 
introduced recently by LCTechnology (2002), where 
some problems in connection to relatively dry and hard 
soils are overcome by adding water separately during 
insertion of the mixing tool, Fig. 3.6e. The soil profile 
can thereby obtain consistent water content. The added 
water can also act as a lubricant for the mixing tool 
during penetration. A similar technique has been reported 
by Wiggers & Perzon (2005).  

 

Shallow soil mixing 
Shallow Soil Mixing (Broomhead & Jasperse, 1992; 
Aldridge & Naguib 1992; Day & Ryan, 1995) is a 
technique developed by Geo-Con in North America in 
the early 1990s to improve large mass of soils within ten 
meters depth below the surface. The process uses a single 
mixing tool 1 m to 4 m in diameter as shown in Fig. 3.7a. 
Slurry grout is incorporated into the soil at the bottom of 
the mixing tool via three ports, located in the auger 
flights. Dry binder is used and distributed pneumatically 
if sludges or wet soils are stabilised. A common 
application for deep mixing in US is environmental 
cleanups, contain, stabilise or treat the soils to permit safe 
closure. Fig. 3.7b shows a modern version of a mixing 
tool used by Geo-Solutions Inc. 

Several shallow soil mixing techniques has been used in 
Japan (Terashi, 2002). Two techniques are shown in Fig. 
3.7c.  On the left, the mixing machine is located on a 
floater that is dragged on an extremely soft soil by a 
winch. On the left, a technique similar as the Finnish 
mass stabilisation is shown. However, the Japanese 
technique was introduced in the late 1970s. 

In the early 1990s, mass stabilisation was developed in 
Finland for the stabilisation of peat or gyttja (Hoikkala et 
al., 1996). The dispersion of binders is carried out by a 
mixing tool mounted on an excavator according to Fig. 
3.7d. The soil is stabilised to 5 m depth by this technique. 
This equipment makes the process simple and flexible. 
Within a few hours of mixing, 1 to 1.5 m of fill is 
applied. Another mixing tool developed in 2001 is shown 
in Fig. 3.7e. The drum rotates by approximately 200 rpm 
and the soil is disaggregated before the binder is added. 
This large rotary cultivator puts a relatively large volume 
in motion during mixing. The stabilisation of peat or 
gyttja can also be performed by installing columns in 
blocks (e.g. Hansson et al., 2001; Dahlström & Eriksson, 
2005). 
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 (a) DDM standard 
(courtesy of DDM Association) 

(b) The Nordic dry mixing “standard” tool according to SGF (2000) 
(Larsson & Nilsson, 2005) 

  

   

 

(c) Three versions of the Nordic dry mixing “standard” tool 
(courtesy of Hercules Grundläggning and LCM) 

 

  

  

(d) Nordic dry mixing “Pinnborr” 
(courtesy of LCM) 

(e) Modified dry deep mixing (LCTechnology, 2002) 

Figure 3.6  Dry deep mixing methods 
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(a) Shallow soil mixing (U.S.) 
(Day & Ryan, 1995) 

(b) Soil mixing (U.S.) 
(courtesy of Geo-Solutions Inc.) 

  
  
 

  
(c) Shallow soil mixing (Japan) 
(Japan Cement Association, 1994) 

(d) Mass stabilisation where the mixing tool  
is mounted on an excavator  
(Hoikkala et al., 1996; Axelsson & Säfström, 1996) 

    
  

    

 

(e) Mass stabilisation where a large rotary cultivator is used 
(Niska & Nyyssönen; courtesy of ALLU, Finland) 

 

Figure 3.7 Shallow soil mixing methods 

Volume 2

742 Deep Mixing´05



 

Combined jet and wet deep mixing 
Fig. 3.8 illustrates methods, which are combinations of 
deep mixing using mechanical mixing and jet mixing. 
The main advantage of these methods is that they can 
produce large-diameter columns without large, bulky 
mixing equipment. The oldest of the methods is SWING 
(Spreadable Wing Method), developed at the beginning 
of the 1980s (Kawasaki et al., 1996; Yang et al., 1998; 
Ogawa 1990). Similar methods have subsequently been 
developed incorporated evolved forms of jet mixing: 
LDis, (Ueki et al., 1996); JACSMAN (Miyoshi & 
Hirayama, 1996; Mori et al., 1997; Matsumoto et al., 
1998; Kawanabe & Nozu, 2002)  

Also in USA a combined technique between jet mixing 
and mechanical mixing is developed, Geo-Jet (Reavis & 
Freyaldenhoven, 1994; Craft, 2004). The mixing tool is 
provided by two relatively broad paddles. When the 
mixing tool is rotated into the soil, cement slurry under 
high pressure is discharged via a number of nozzles 
placed along the blades. The combination of mechanical 
mixing and hydraulic mixing creates a liquefied mixture 
of soil, and cement. 

 

Mixing above ground surface 
In Japan there are methods using mixing plants on the 
ground surface (Mori et al., 1996). A continuous auger is 
used to mix the soil and the binder. In an initial step, soil 

is transported to the ground surface as the rotating helical 
mixer is inserted into the earth. The soil is mixed in a 
mixing plant with a water-based binder and then pumped 
back into the ground as the tool is withdrawn. This 
method yields a controllable product, comparable to 
concrete, whose strength and deformation properties can 
be varied. The displacement caused by the injection of 
binder in-situ is reduced. The construction of man-made 
islands in Japan has results in a development of methods 
for the reclamation of dredged soils. In order to stabilise 
large quantities of dredged soil a pneumatic flow mixing 
method has been developed (Kitazume & Satoh, 2003; 
Hayano & Kitazume, 2005). The principal mixing 
equipment is a static mixer where the dredged soil is 
transported through pipe by means of compressed air. 
The soil-binder mixture forms separated mud-plugs in the 
pipe, which are mixed by turbulent flow generated in the 
plug. The properties in the stabilised soil are predictable 
and the control is relatively easy to perform. The mixing 
plants are, however, enormous and built for large projects 
and large quantities.  

The principle to mix above ground surface has also been 
used in Finland in connection with the building of a new 
seaport in Vuosaari (Lahtinen et al., 2005). Excavated 
poor-quality soils, such as silt, are stabilised with a stack 
mixer. The stabilised soil is used for the construction of 
embankments, field structures, noise barriers etc. 

  
(a) SWING 
(courtesy of  SWING Association) 

(b) JACKSMAN 
(courtesy of CDM Association) 

  

  
(c) LDis (Ueki et al., 1996)  
(courtesy of  Onoda Chemical Co Ltd)  

(d)Geo-Jet  
(courtesy of  Condon-Johnson & Associates Inc.) 

Figure 3.8 Combined jet and wet deep mixing methods 
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3.3 Monitoring during execution 
Normally the whole machinery process is fully automated 
and controlled by computer systems. There are sensors and 
gauges to measure the amount of incorporated slurry or dry 
binder, depth, rotation, speed and torque. The torque is 
however normally not measured in Sweden. In the 
Scandinavian countries the monitoring normally includes 
the amount of binder, retrieval rate and rotation speed.  

 

3.4 The mixing process 
The purpose of the mixing process is to disperse the binder 
in the soil so as to provide the best possible conditions for 
the chemical reactions to take place. Mixing is in this report 
defined as an operation which tends to reduce no 
uniformities or gradients in composition and properties in a 
soil-binder mixture. If all of the binder is to contribute 
actively to the improvement of the soil, the particles of 
binder must all be evenly dispersed throughout the volume 
of the column. Moreover, the binder should be evenly 
distributed over the column cross section in order to limit 
the variability of strength and deformation properties. Wide 
dispersion of the properties not only reduces the predictive 
value of laboratory tests but also complicates production 
control. The consequence may be a loss of control of the 
process and its results. 

The mixing process in deep mixing is very complex, 
comprising many phases, and many factors influence the 
process and its result. It is difficult to clearly separate the 
different mechanisms involved in the mixing process, 
however it is important to understand how the mechanisms 
affect each other. The installation process in dry deep 
mixing as it is executed in the Scandinavian countries can 
be divided into three principal phases:  

1)  penetration of mixing tool to the required depth; 

2)  dispersion of binder; 

3)  molecular diffusion. 

Differences and similarities between this division of the 
mixing process and the mixing process for the wet mixing 
method are briefly discussed in section 4.6.  

 

Penetration of mixing tool 
In the first phase of the mixing process the rotating mixing 
tool is driven into the soil to the desired depth. The 
insertion process can be executed in such a manner that the 
resulting remoulding and disaggregation of the soil changes 
the conditions for subsequent phases. Total disaggregation 
(dispersed and deflocculated structure) can have a positive 
effect on the active mixing mechanisms by making it easier 
to produce the necessary movements in the soil for the 
mixing of the materials. However, existing mixing tools in 
the Scandinavian countries are equipped with paddles 
which are generally set at a small angle to the horizontal. 
This facilitates insertion of the tool, as it requires little 
energy to penetrate the soil. The inevitable consequence, 

however, is that relatively little energy is expended on 
remoulding the soil. It takes movement of the soil to 
produce the shear forces necessary for disaggregation. 

An important issue is whether increasing the agitation 
energy during penetration of the tool actually improves 
conditions for the mixing process sufficiently to justify the 
extra cost it entails. It is uncertain today how much the 
result of mixing is affected by the input of agitation energy 
during penetration as compared with other factors. The tool 
is currently inserted at the rate of approximately 100 
mm/rev, and it is doubtful whether the soil structure is 
significantly affected. It is also doubtful whether it is 
economical to remould and disaggregate the soil before 
adding the binding agent.  

Furthermore, it is not certain that complete disaggregation 
of the soil will have exclusively positive effects on the 
strength gain. Complete disaggregation combined with poor 
mixing efficiency (high concentration variances) may result 
in low shear strength of relatively massive striations and/or 
lumps impairing the overall strength properties of the 
column. 

In the current mixing procedure, there is a risk that much of 
the energy used in the dispersion process is expended on 
remoulding the clay. Laminar mixing is likely to be less 
effective as the clay can withstand deformation thanks to 
elastic drag and high yield point. 

 
The dispersion process 
The process by which the binder is dispersed in the soil can 
be divided into four steps (basically based on a division of 
the dispersion process by Parfitt & Barnes (1992)):  

a)  incorporation and spreading of the binder; 

b)  wetting of solid particles; 

c)  breakdown of agglomerates; 

d)  distribution. 

In practice the stages overlap and it can therefore be 
difficult to distinguish them by visual observation. 

a) Incorporation and spreading of the binder 
It is most important that the mixing tool is designed in such 
a way that the binder is spread as evenly as possible over 
the column cross-section during the incorporation and 
spreading phase. This avoids major concentration 
variances, large agglomerates (loosely bound lumps), 
makes the breakdown of agglomerates easier, and avoids 
long mixing times, since the whole dispersion process takes 
place during a short time of mixing.  

In the Scandinavian countries, binder is delivered in powder 
form from tanks via hoses to the mixing tool using 
compressed air as a transport medium. The binder is 
expelled through a hole in the Kelly rod in connection to 
the upper par of mixing blades, usually in the manner 
shown in Fig. 3.6c. The binder is spread through the 
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cavities formed in the soil by the rotating mixing tool. The 
size and shape of the cavities formed depends on factors 
such as the geometry of the mixing tool and the outlet hole, 
the intensity of mixing, the air pressure, stress conditions in 
the soil, the rheological properties of the soil and the 
binder. 

b) Wetting of solid particles 
When a powdered binding agent is mixed with a soil, the 
lumps of powder contain entrapped air which must be 
replaced with liquid. In e.g. calcareous and cementitious 
reactions, liquid is drawn from the soil by diffusion. If the 
air is not to remain entrapped, mechanical work has to be 
done, but even with mechanical assistance the release of the 
air can be difficult if agglomerates or aggregates have 
formed. The wetting process is assisted by mixing tools, 
which generate high compressive and shear stresses in the 
soil. 

The wetting process cannot occur spontaneously because 
the lime and cement particles are not dense enough to sink 
into the clay slurry. The high particle concentration, the 
complex spreading process, the presence of air as a 
component, and the chemical reactions proceeding during 
the mixing process make the behaviour of the mixture 
extremely complex. The wetting process is influenced by 
the properties of the liquid phase, the character of the 
surface, the dimensions of the interstices in the 
agglomerates, and the compressive forces exerted by the 
mechanical system on the components. The rheological 
behaviour of the clay (dependent on e.g. clay and water 
content) is also highly significant for the wetting process. 
Complete remoulding of the clay releases water which is 
available for wetting the lime and cement particles. It also 
gives the clay particles a larger active interfacial area with 
the binder, which promotes molecular diffusion. 

c) Breakdown of agglomerates 
Once the binder is incorporated and spread and the particles 
are wetted, the agglomerates that have formed should break 
down before the chemical reactions begin. Unless the 
particles are evenly dispersed in the mixture, large 
aggregates will form, resulting in concentration variances 
and poor mixture quality. Furthermore, if the particles are 
not dispersed, not all the particles of binder will make their 
full contribution to even strength gain throughout the 
stabilized volume. 

Agglomerates are broken down by shearing or by large 
compressive forces. To produce sufficiently large shearing 
or compressive forces the mixture must be set into motion. 
For the effective breakdown of agglomerates in a mixture 
with dough-like properties, experience from process 
industries indicates that equipment with a kneading or 
grinding action should be used. The mechanical mixing is 
generally done by rotating impellers of paddle or helical 
type. Paddles and screws are often combined. A kneading 
action in the mixture may be produced by paddles mounted 

at a relatively large angle to the horizontal, thus generating 
both axial and tangential motions. It is advantageous to 
generate movements in a number of directions because 
clayey soils have visco-elastic properties, entailing a risk 
that the mixing tool will only generate movement in the 
immediate vicinity of the blades, i.e. that the soil will 
"yield" in a thin shear plane close to the tool due to the fact 
that the intermediate forces around the impeller rapidly die 
out. The impeller may not generate significant movement of 
the mixture, with the result that if the mixing time is too 
short, layers of solid additive will be left in the soil. Hence, 
it is important to design the mixing tool to produce forced 
movement of the materials and generate laminar mixing 
within a sufficient volume of soil around the tool.  

Depending on the rheological properties of the soil and on 
which mixing mechanisms are active, the efficiency of the 
mixing process is influenced mainly by the following two 
factors: 

1) the effective strain in the mixture. This factor can 
be expressed as a function of the number of 
revolutions per metre (rev/m) or the retrieval rate 
(mm/rev) of the mixing tool; 

2) the intensity of mixing or agitation. This factor can 
be expressed as a function of the rotation speed of 
the mixing tool (rev/min).  

A hypothesis in this connection is that when the mixing 
intensity is sufficient to break down agglomerates, the 
effective strain is the most significant factor for better 
mixture quality. If on the other hand the mixing intensity is 
too low to break down the agglomerates, the effective strain 
is of little importance as the agglomerates are merely 
entrained with the mixture. According to this hypothesis, it 
is the rheology of the soil that determines how far the 
retrieval rate and rotation speed of the tool influence the 
process. 

If the soil is completely remoulded and behaves like a 
liquid, under favourable conditions, turbulent flow may be 
generated in the mixture. Turbulent flows result in effective 
circulation and high shear forces. If the viscous drag in the 
fluid is small, a larger proportion of the mixing energy will 
go into breaking down agglomerates. It takes relatively high 
rotation speeds to produce turbulent flow. At low speeds 
there is a risk that the tool will merely move the 
agglomerates around without breaking them up. 

d) Distribution 
Distribution is the process by which the disaggregated 
agglomerates are randomly scattered through the mixture. 
This normally takes place concurrently with the preceding 
process. 

If the binder has not been adequately spread during the 
previous phases of the process, long mixing times may be 
expected, as it is difficult to generate movement in all soil 
types. Distribution of the binder is probably promoted by 
complete disaggregation of the soil, high water content, and 
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low viscosity. It will only be successful with mixing tools 
that produce large movements in the soil. 

 

Molecular diffusion 
After the execution, the mixing process continues by 
molecular diffusion, mainly by the migration of calcium 
ions from the stabilised soil into the unstabilised 
surrounding soil, or from regions of the stabilised soil with 
a high concentration of calcium ions into parts with lower 
concentration. The migration of calcium ions has been a 
subject for relatively many investigations (e.g. 
Rogers et al., 2000a,b; Rogers & Glendinning, 1994, 1997; 
Rajasekaran & Narasimha Rao, 1997, 2000; Hayashi et al., 
2003; Larsson & Kosche, 2005). Calcium ions migrate 
approximately 30mm within roughly a year (Rogers & 
Glendinning, 1996) and about 50mm in 10 years (Löfroth, 
2005). The binder may also migrate into shrinkage cracks 
in the surrounding (Rao & Thyagaraj, 2003) and into 
vertical fractures caused by lateral pressure from the 
injection of binder, and by the shearing of the soil caused 
by the mixing tool (Shen & Miura, 1999; Shen et al., 
2003a,b). The installation process may cause clay fracturing 
in the range of 2-3 times the column diameter. 

However, these investigations focus on the migration from 
the stabilised soil into the unstabilised surrounding soil. The 
process where calcium ions migrate from regions of the 
stabilised soil with a high concentration of calcium ions 
into parts with lower concentration is unfortunately not 
investigated. It is therefore difficult to evaluate the extent of 
this process and state whether this process is significant or 
not for the mixing process. However, observations in 
extracted lime-cement columns show that the columns seem 
to heal, a short time after column penetration tests, possibly 
due to migration of calcium ions (Axelsson & Larsson, 
2005). It was difficult to determine the placing of the probe 
at the visual examination.  

A common opinion is that it requires a higher amount of 
mixing using cement as binder compared to lime. This 
statement is often based on the argument that the intensity 
of migration of calcium ions is less in cement treated soil. 
Without questioning this argument, it must be emphasized 
that there are no tests published validating this hypothesis.  

 
3.5 Factors affecting the mixing process 
The mixing process in dry deep mixing is very complex. A 
variety of factors may influence the process and its results: 

•  the rheology of the soil, the binder, and the amount of 
binder;  

•  pressure conditions in the soil during column 
installation; 

•  the delivery pressure and the amount of air used; 
•  the geometry of the mixing tool; 

•  the mixing energy: the retrieval rate and rotation speed 
of the mixing tool; 

•  the consolidation stress, the compaction energy, the 
temperature, the availability of water and seepage 
flow, which affect molecular diffusion. 

This section reports and discusses published studies on 
factors influencing the mixing process. An overview of a 
number of investigations reported in relation to deep 
mixing is shown in Table 3.1. As shown in the table, the 
focus has been on the influence of the mixing work and on 
comparisons of different mixing tools. The influence of 
factors such as the rotation speed, air pressure, the amount 
of air, compaction and soil rheology has not been well 
investigated.   

 

Mixing energy 
The mixing work may be defined as a combination of the 
effective strain in the mixture (indirectly the retrieval rate 
of the mixing tool) and the intensity of mixing or agitation 
(indirectly the rotation speed of the mixing tool).  

It is a well-known fact that the mixing work has an 
influence on the mixing process and its results. In an early 
stage of development, Terashi et al. (1977) investigated the 
influence of the mixing work on the unconfined 
compressive strength of laboratory specimens. Many 
studies have come to this conclusion on the basis of 
laboratory-prepared specimens, without subjecting this 
factor to any closer examination (e.g. Locat et al., 1990; 
Åhnberg et al., 1995). The present knowledge is mainly 
based on laboratory and model tests (in recent years e.g. 
Dong et al., 1996; Hayashi & Nishikawa, 1999; 
Larsson et al., 1999; and Aalto, 2001). Results from few 
field tests are available (e.g. Hayashi & Nishikawa, 1999; 
Rogbeck et al., 2000; Horpibulsuk et al., 2004; Larsson et 
al., 2005, 2004). However, it is still uncertain how the 
mixing work affects the mixing process in different soil 
types with different binders in the field. 

The mixing energy is seldom measured. In the 
Scandinavian countries, the retrieval rate (mm/rev) of the 
mixing tool is used as a measure of the mixing time. In 
Japan, on the other hand, the mixing time is measured in 
terms of the penetration speed (m/min), the retrieval speed, 
and the rotation speed. To provide a measure of the mixing 
time these parameters are combined as the blade rotation 
number or the number of mixing cycles per meter T, given 
by (Yoshizawa, 1997): 

{ }∑ +×= )/()/( uudd VNVNMT  (3.1) 

where M  is the number of mixing tool blades, dN  is the 
rotation speed of mixing tool during penetration (rev/min), 

dV is the mixing tool penetration velocity (m/min), uN  is 
the rotation speed of mixing tool during retrieval (rev/min), 

uV  is the mixing tool retrieval velocity (m/min).  
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Table 3.1 An overview of a number of studies reported on factors influencing the mixing process for deep 
mixing.  

Referens Test  Binder 

M
ixing w

ork 

B
inder type 

B
inder 

content

R
ot. speed 

A
ir pressure 

A
m

ount of 
air

C
om

paction 
/consolidato

Soil reology 

M
ixing tool  

Aalto & Perkiö (2000) and 
Aalto (2001) 

M UC, 
FC 

C  D x     x x  x 

Aalto (2003) F UC, 
V,P 

C, L  x      (x) x 

Abe et al. (1997) F UC          x 

Al-Taabbaa & Ewans (1999) 
and Al-Tabbaa et al. (1999) 

M UC C  W,D (x)  (x)     (x) x 

Asano et al. (1996) L,F UC C,F,G,  W  x x       

Chida et al. (1982) L UC C,L,S  
W,D 

x x        

Dong et al. (1996) M UC C  W x   (x)     x 

Enami et al. (1986a)   UC  x         

Hansson (2000) and 
Rogbeck et al. (2000) 

F P L,C,S  D x x  x     x 

Hayashi & Nishikawa 
(1999) 

L UC C  D x  x       

Hedman & Koukkanen 
(2003) 

F P L,C D (x)       (x)  

Horpibulsuk et al. (2004) M,F UC C  W x x x       

Johansson & Jons (1995) F P,V L,C  D x        x 

Larsson & Nilsson (2005) F P L,C  D x        x 

Larsson et al. (1999) and 
Walter (1999) 

L UC L,C  D x x       x 

Larsson et al. (2005 a,b,c) F P L,C  D x   x x   (x) x 

LCM (1996) F P L,C  D x        x 

Mizuno et al. (1988)  F   x         

Muro et al. (1987a, 1987b) M UC C x (x)  x      

Nishibayashi et al. (1988) 
Matsuo et al. (1996)  

M UC C  W  x x       

Nishibayashi et al. (1985)   M UC C  W x   (x)     x 

Nishibayashi et al. (1984) M UC C  W x   (x)     x 

Nishida et al. (1996) L,F UC L  D x       x  

Tränk & Edstam (1997) F P L,C D x        x 

             
Test; L=laboratory test, e.g. dough mixer; M=model test; F=field test; UC=unconfiened compression test; 
V=vane test; FC=fall cone test; P=penetrometer tests 
Binder; L=lime; C=cement; S=slag; F= fly ash; G=gypsum; D=dry; W=wet  
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In Japan, part of the binder is often delivered as the mixing 
tool is being inserted into the soil, particularly when binder 
in liquid form is used. The binder thus assists the 
remoulding of soil by the tool. Dry binder may also be 
delivered in this way in order to utilize the mixing tool 
more efficiently. To take account of the fact that only part 
of the binder is delivered during insertion of the mixing 
tool, the following expression may be used to calculate the 
number of mixing cycles per column metre T  (Hayashi & 
Nishikawa, 1999): 

{ }∑ +××= )/()/()/( uuidd VNWWVNMT
 (3.2) 

where iW  is the quantity of binder delivered during 
penetration (kg/m3) and W  is the total quantity of binder 
(kg/m3). 

In Sweden, the retrieval rate (mm/rev) of the mixing tool is 
used as a measure of the mixing time. The blade rotation 
number or the number of cycles per column metre T can be 
calculated as 

 
∑ ×=

s
MT

1
 (3.3) 

where M  is the number of mixing tool blades, and s  is the 
retrieval rate of mixing tool during withdrawal (mm/rev).  

The term blade rotation number has been used over 20 
years (used already in the early 1980s by Nakamura et al., 
1982) and is stated in the Japanese guideline (CDIT, 2002) 
and in the European execution standard (prEN 14679). 

The effective strain in the mixture is assumed to be a 
function of the retrieval rate. The intensity of mixing 
(agitation) is assumed to be a function of the rotation speed. 
The mixing energy per cubic meter of stabilised soil (in 
terms of J/m3) is probably a combining key factor. 
However, the mixing energy is seldom measured and it has 
not been clearly tested and shown whether the mixing 
energy is a combining factor. 

It will be noted that when investigating the effect of 
different rotation speeds in Japan, both the effective strain 
and the mixing intensity are varied. It is therefore difficult 
to separate these two parameters in Japanese studies, since 
the rotation speed is increased in order to obtain longer 
mixing times. The main disadvantage using the term blade 
rotation number is that the term is closely connected to the 
present mixing tool geometry. In order to compare different 
geometries it may be necessarily to introduce the mixing 
energy since different geometries of the mixing tool may 
perform differently, i.e. it may be difficult to compare 
paddles with screws.  

A conclusion from studies concerning the mixing energy is 
that the retrieval rate and the number of blades have a 
significant influence on the strength magnitude and 
variation. Fig. 3.9 illustrates the changes in strength and 
coefficient of variation of stabilised soil as the blade 
rotation number is varied. An approximately logarithmic or 

a power law relation between the column strength and the 
mixing work has previously been reported by e.g. Muro et 
al. (1987a, 1987b), Nishida et al.  (1996),  Larsson et al. 
(1999, 2005a,c). However, it is not possible to predict the 
strength magnitude based only upon the mixing work since 
the strength in stabilised soil highly depends on the 
composition and the conditions during the curing period.  
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Figure 3.9 Principal changes in strength and coefficient of 
variation of stabilised soil as the blade rotation 
number T  is varied.  

 

A rational course of action to increase the strength 
magnitude and to improve the mixture quality is to provide 
the mixing tool with more blades or construct mixing tools 
that achieves more mixing work. A higher strength 
magnitude and a lower variability is of course favourable, 
but is  it economically reasonable to use the mixing work to 
adjust the strength magnitude compared to use the binder 
type and content as the primary instrument to adjust the 
strength magnitude? Furthermore, is it economically 
reasonable, by means of the mechanical mixing process, to 
regulate the variation in the properties in the stabilised soil 
due to different soil compositions? The effect of the 
mechanical mixing depends on a great number of factors, 
such as soil composition, binder type and content, time, and 
the curing conditions. The mixing has different influences 
in different type of soils. The increase of the strength as a 
function of the logarithm of the blade rotation number 
indicates that it may be uneconomical to use the mechanical 
mixing to adjust the strength magnitude. It is the author’s 
belief that the strength magnitude should be adjusted 
primary by the binder type and amount of binder.  

The influence of the rotation speed is not well investigated. 
In the Scandinavian countries, the rotation speed is 
normally between 150 to 200 rpm or as high as possible in 
order to decrease the time for the installation. The rotation 
speed has increased over the years from about 60 rpm to 
200 rpm. However, there are different opinions about the 
rotation speed during installation. Principally, a high 
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rotation speed is desirable since the intensity of mixing 
increase and the time for installation decreases. However, 
the rotation speed is most probably closely related to other 
influencing factors such as the retrieval rate and the air 
pressure during incorporation in order to achieve an even 
binder distribution in relation to the present soil conditions. 
In Japan the rotation speed is normally lesser, usually 20 to 
60 rpm.  

 

Type and quantity of binder 
The influence of the type and quantity of binder on the 
mixing process has only been studied fragmentarily in a 
number of published studies. There is no question that the 
quantity of binder affects the strength of stabilized soil, 
however it can also affect the distribution of the binder and 
the dispersion of the strength values. Asano et al. (1996) 
studied the compressive strength and coefficient of 
variation while varying binder content for three types of 
binder. The results showed that when using cement slurry, 
the coefficient of variation fell from ~40 % to ~20 % when 
the binder quantity was doubled.  Nishibayashi et al. (1988) 
found a similar drop in the coefficient of variation with a 
doubling of the binder (cement slurry) content as shown in 
Fig. 3.10a). Nishibayashi et al. (1988) also report results of 
a study showing that the coefficient of variation increases 
with the water/cement ratio, suggesting that a greater 
quantity of mixing water impairs the mixing efficiency 
(Fig. 3.10b). A reason may be that water is mixed with a 
soft soil with high water content; the soil breaks up into 
lumps, which will be entrained by the mixture while 
undergoing relatively little mixing themselves. 

Horpibulsuk et al. (2004) reported results of an extensive 
series of model and field tests in connection to the ground 
improvement works for the construction of Saga Airport, 
Japan. The influence of the binder water/cement ratio, 
binder content and the mixing work were investigated. As 
expected when performing field tests, the scatter in the 
results is significant. However, the large number of tests 
made an evaluation possible and the tests are highly unique. 
The water/cement ration of the binder slurry was found to 

have an effect on the strength and variability. Two groups 
of mixing states were identified, the workable state and the 
bleeding state. In the workable state, the mixing functions 
well at a wide range of mixing work at both high and low 
binder contents. In the bleeding state, when the 
water/cement ratio was relatively high, a certain degree of 
mixing must be performed to create a well-mixed column. 
Fig. 3.11 shows results where columns are installed by w/c 
of 80% and 100% of the binder slurry. When the mixing 
work is low, the binder content has small influence on the 
column strength. When the mixing work increases the 
binder content has significant influence. The installation 
should be performed by a high mixing work using high 
binder contents. Another observation is that the binder 
content has a smaller influence when the water/cement ratio 
increases. An important conclusion from the study is that 
the strength of the stabilised soil is a combined function of 
the binder content, water/cement ratio and the mixing work. 

 

Mixing tool design 
The influence of the geometry of the mixing tool was 
investigated during the 1970s and the 1980s, in Japan and 
Sweden (e.g. Nishibayashi et al., 1984; Nishibayashi et al., 
1985; Wikström, 1979). In present reports, the 
investigations were mainly performed by testing different 
geometries against each other (e.g. Dong et al., 1996; 
Abe et al., 1997; Al-Tabbaa & Evans, 1999; Aalto & 
Perkiö, 2000; Aalto, 2001; Larsson et al., 1999, 2005a,c; 
Larsson & Nilsson, 2005).  

No fundamental scientific studies have been published on 
the geometry of the mixing tool and its effect on the mixing 
process in the context of deep mixing. The few studies on 
tool design that have been reported are somewhat of a 
“sales” character, often presented by private companies at 
conferences or in periodicals specializing in equipment. 
This is of course not very surprising since the mixing tool 
geometry is one major tool for competition. It is therefore 
not possible to give general recommendations concerning 
the mixing tool geometry. 

 

 

Figure 3.10 Changes in strength and coefficient of variation of stabilised soil as: (a) the binder quantity is varied; 
(b) the water/cement ratio in the binder is varied (Matsuo et al., 1996 after Nishibayashi et al., 1988)
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Figure 3.11 The influence of binder content and 
mixing work on strength of field stabilised 
columns: (a) w/c=80%; (b) w/c=100% 
(Horpibulsuk et al., 2004). 

In model experiments, it is important to study the impact of 
scale effects, such as small vertical and horizontal stresses 
in the mixture. There is a risk of the mixture clinging to the 
rotating mixing tool during withdrawal. The mixture may 
also clump together between the blades, particularly when 
lime is used as a binder. Such effects were not investigated 
or remarked upon in reported studies. 

A common statement is that multiple shaft arrangements 
generally provide better homogeneity of the stabilised soil 
than single shaft (e.g. Topolnicki, 2004). It seems 
reasonable that multiple shafts provide better mixing in the 
overlapping zone between the columns. However, this 

statement is based on fragmentary model and field tests 
(Yoshizawa et al., 1997). With respect to the inherent 
property variability in stabilised soil, more tests 
independent tests are required for a general statement.  

In the mid 1980s, Inoue & Hibino (1985) and Enami et al. 
(1986b) presented mixing tools provided with "anti-rotation 
vanes" which prevent the materials being mixed from 
rotating along with the tool. These vanes do not rotate in 
the soil and thus provide resistance to the rotating blades as 
they pass. The CDM Column 21 mixing tool, as shown in 
Fig. 3.2c, is provided with mixing blades that rotates in 
opposite directions. This mixing tool is most similar to 
mixing tools used in the process industry.  

Larsson et al. (2005a) have investigated the influence of the 
mixing blades in connection with the binder outlet hole.  
Simple mixing tool geometry was tested as shown in Fig. 
3.12. Columns were installed by mixing tools provided 
with: a) no blades; b) one pair of blades and; c)  two pairs 
of blades and in which the outlet hole was located 
approximately 200mm above the blades. The columns 
installed by mixing tool without blades (a) were a circular 
cavity, 0.1-0.2 m in diameter, which was filled by binder. 
The mixing tool provided by one pair of blades (b) created 
full diameter columns, 0.6 m. The mixing tool provided by 
two pairs of blades (c) could not create full diameter 
columns even though the blade rotation number is twice as 
high. The diameter of the columns varied axially from 0.4 
to 0.6 m. Consequently, the four mixing blades could not 
distribute the binder over the whole column cross-section. 
The conclusion is that the incorporation and spreading of 
the binder in the cavity formed by the blades in connection 
with the binder outlet hole are the most important steps of 
the mixing process (according to section 3.4). 

 

Rheological properties of the soil 
The complex rheological properties of soft soils and 
difficulties of monitoring the mixing process present 
engineering challenges. The mixing of fine soils with 
binders is particularly difficult when the soil is extremely 
cohesive and sticky at moderate to high water contents. The 
type of soil and its rheological behaviour have a 
considerable impact on the efficiency of a mixing process. 
When powdered quicklime, CaO, is used as binder, the 
rheological properties change very rapidly once the lime 
comes into contact with the soil. In soft soils, the natural 
water content is often near the liquid limit. The 
incorporation of lime causes a rapid dewatering and the 
mixture becomes more plastic and difficult to work. It is 
relatively easy, for example, and takes only limited effort to 
mix cement and dry sand to produce a mixture with small 
concentration variances. A considerably greater and more 
intensive mixing effort is necessary to mix lime and cement 
with cohesive clay. Unfortunately, no extensive 
investigations have been made into the effect of soil 
rheology on the mixing process in deep mixing. 
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Figure 3.12 Mixing tools used for the investigation of the influence of the mixing blades in connection with the 
binder outlet hole (Larsson et al., 2005a).

Nishida et al. (1996) showed that a higher degree of mixing 
may be expected in clays with high sensitivity. Larsson et 
al. (2005a) found that the coefficient of variation, with 
respect to hand operated penetrometer tests, depends on the 
quotient between the water content and the liquid limit. As 
the clay becomes more plastic the coefficient of variation 
increased. However, there is a need of additional 
fundamental studies of the influence of soil-binder mixture 
rheology on the mixing process.  

It is difficult to measure and determine the rheological 
behaviour of soft soils in the partially remoulded state at 
high shear rates. In Japan, the possibility has been 
investigated of using the mixing tool as a rheological 
measuring instrument during the mixing process (Hata et 
al., 1987; Aoi & Tsujii, 1996; Tateyama et al., 1996). 
According to the authors, the method may be developed by 
e.g. measuring the energy input during the mixing process 
and relating it to soil properties. 

 

Delivery pressure and the amount of air 
According to prEN 14679 (2005), “In dry mixing the air 
pressure shall be kept as low as possible during the mixing 
process to avoid problems of air entrainment and ground 
movements”. Aalto (2001) showed in a series of model 
tests that the amount of air can influence the uniformity and 
the strength properties considerably. However, the 
influence of the delivery pressure and the amount of air in 
the field is not well known. The incorporation and 
spreading of the binder take part in the cavity formed by the 
upper pair of blades. The air pressure at the outlet hole is 
normally not measured or controlled, as it is difficult to 
measure air borne materials. The air pressure in the binder 
tank is adjusted with respect to present conditions during 
installation. The air pressure must be high enough to form 
the cavity and to create channels up to the ground surface 
for the evacuation of air. The tank pressure should however 
not be too high, as this may cause pneumatic fracturing 
outside the column periphery. A relatively high air 

pressure, about 200 to 1000 kPa, is common in Sweden, 
which is notionally high enough to fracture the soil by 
pneumatic fracturing. The size and the shape of the cavity 
at the mixing blades depend on the air pressure. At great 
depth, there is a risk that the cavity will be too small due to 
high in-situ stresses. The difficulty to create a sufficiently 
large cavity increases probably with increasing column 
diameter. A high air pressure and insufficient release of the 
air pressure could cause heaving and uneven dispersion of 
the binder and insufficient compaction of the mixture 
especially close to the ground surface.  

Pressure regulation with respect to the depth below ground 
surface has been tested in Sweden as reported by 
Bredenberg (1999). However, the binder delivery system is 
highly complex and therefore the air pressure can not be 
adjusted rapidly. The Japanese DDM system is designed to 
evacuate the air via air gathering fins on the shaft of the 
mixing tool.    

 

Compaction energy  
There has been discussion of how soon and how heavily the 
ground surface may be loaded after the execution of dry 
deep mixing. It may be important to impose the greatest 
possible compaction and consolidation stress at an early 
stage while the chemical reactions are most active. 
Compaction means densification of an unsaturated soil by a 
reduction in the volume of voids filled with air, whereas 
consolidation is densification by the expulsion of water. In 
Sweden normally no compaction is done apart from that 
brought about by the mixing tool. Since it is customary in 
Scandinavia to use air as the transport medium for a 
powdered binder, large amounts of air are injected into the 
soil. Unless the air is evacuated, the compacting capacity of 
the mixing tool may be very important for the mixing 
process and the strength gain. Even surface compaction 
may have a significant impact. The interfacial area between 
the binder and the soil is a measure of the mixture quality 
and the efficiency of molecular diffusion. The compaction 
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energy may thus have an impact on the mixing process, 
since increased density reduces the distance between the 
binder particles and the soil particles. In Japan the binder is 
generally premixed to a slurry, with the result that 
compaction is of little consequence provided the soil to be 
stabilised is water-saturated.  

Aalto & Perkiö (2000) and Aalto (2001) studied the 
influence of the consolidation stress during the curing 
period. Model columns were manufactured by dry deep 
mixing in the laboratory using cement as binder. With 
reference to unconfined compression tests, the results 
showed that the mixing work (retrieval rate) had a 
significant influence on the strength when the columns 
were loaded by 40 kPa, Fig. 3.13a. However, the mixing 
work had minor influence on the strength when the columns 
were unloaded during the curing period. It must be 
mentioned that laboratory model columns are made by a 
low confining pressure that may have an influence on the 
strength properties. The same problem may appear at 
shallow depth for the full-scale columns. Similar results 
were reported by Pousette et al. (1999) showing that the 
consolidation pressure during curing has a great influence 
on the strength properties, Fig. 3.13b. 

The influence of compaction energy on the strength gain 
has been a subject for many studies related to shallow 
subgrade stabilisation (e.g. Bell, 1977). An important factor 
in compaction is the delay between the incorporation of the 
binder and the compaction operation (“aging” or 
“mellowing”). This delay may affect the compaction 
properties, producing a loss of strength in stabilised soil 
(e.g. Uppal & Bhasin, 1979; Sweeney et al., 1988; 
Sivapullaiah et al., 1998; Holt & Freer-Hewish, 1998, 
2000). Another used term is the “working period” that 
indicates the time from incorporation of the binder to 
compaction where a uniform stabilised material can be 
achieved. The impact of delay is affected by the 
composition of the binder, making it difficult to draw 

general conclusions. However, there are clear indications 
that that the delay between binder incorporation and 
compaction has varying effects on strength depending on 
the binder content. The longer the delay, the greater is the 
strength loss and the lower is the density attainable by 
compaction. With lower quantities of binder, the delay has 
negligible effect on density and strength. With high 
quantities, there is a considerable effect on the strength and 
compaction parameters.  

The time from incorporation of the binder to compaction, or 
the working time, should be about two hours for cement-
stabilised soil according to Sherwood (1993). The working 
time for lime-stabilised soil is somewhat longer, as long as 
72 hours according to British Lime Association (1990). For 
deep mixing, the working times from a few hours to a few 
days, is a relatively short time. It is difficult to adjust the 
loading of the columns to such short periods. The 
compaction of the binder-soil mixture should therefore be 
made by the mixing tool and not by loads on the ground 
surface. 

When stabilising peat by e.g. mass stabilisation, 1 m of fill 
is normally applied immediately after the mechanical 
mixing process.  Åhnberg et al. (2001) studied the delay 
between the incorporation of the binder and the compaction 
operation for lime-cement and cement-slag stabilised peat 
in the laboratory. Fig. 3.13c shows that particularly the 
cement-slag stabilised peat is affected by the delay between 
the incorporation of the binder and the compaction 
operation. It is important to focus on the schedule for 
loading. If possible, perform the loading in steps where the 
first loading is performed as soon as possible after 
execution.  

With a rotating tool equipped with paddles or similar 
arrangements, the effectiveness of compaction depends on 
the kneading capacity of the tool. It is important that the 
energy input from the mixing tool is directed axially
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Figure 3.13 (a) Results of model tests showing the unconfined compressive strength vs. retrieval rate (modified 
after Aalto, 2001). (b) Evaluated unconfined compressive strength for stabilised peat samples 
consolidated for different loads (Pousette et al., 1999). (c) Unconfined compressive strength vs. 
loading delay after mixing (Åhnberg et al., 2001)  
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downwards in the mixture. It is further important that no 
part of the tool tends to lift the material or cause it to get 
stuck in the tool and thus be pulled upwards as the tool is 
withdrawn. 
 
Author’s opinion 
Table 3.2 shows the outline of the author’s opinions 
concerning the influence of different factors on the mixing 
process.  

 
Table 3.2 Outline of a literature review and the 
authors´ opinions.    

Factor 
 

Strength 
variability 

Mixing tool geometry related to 
incorporation and spreading of binder 

+++ 

Rheological properties +++ 
Compaction / consolidation +++ 
Retrieval rate ++ 
Number of blades ++ 
Binder content ++ 
Amount of air 
Mixing tool geometry 

++ 
+ 

Type of binder + 
Rotation speed  - 
Air pressure - 

+++ Significant and major influence. 
++  Significant influence. 
+ Diverged results  
-  No or weak influence. 
 
 

3.6 Differences and similarities dry - wet  
In the author’s opinion, there are more similarities than 
differences between dry and wet mixing. All deep mixing 
methods belong to the same physical world. The 
mechanical systems can be similarly modelled. Stabilised 
soils are typically c´-φ materials where the strength and 
deformation properties are strongly dependent on the 
effective stresses. The original soil has a major influence on 
the mixing process and the stabilised soil characteristics. 
Similarly, the mixing processes in-situ during the execution 
belong to the same physical world. Principally, all mixing 
processes involving the dispersion of fine particles in a 
liquid can be divided into the four stages according to 
section 3.4.  

However, even though the mixing processes are principally 
the same there are a number of differences of practical 
importance. The use of compressed air as the medium for 
transporting the binder has the advantage that it takes a 
relatively small amount of binding agent to achieve the 
requisite strength gain. Given that loose soils already 
contain a lot of water, it appears logical not to add still 
more water to the soil, as is done when the wet method is 
employed. However, the addition of air adds to the 
difficulty of the mixing process in a material, soft soil, 
whose rheological properties are already very complex. In 

the mixing process an air-borne binder complicates the 
dispersion process with regard to the wetting of lime and 
cement particles and the breaking up of agglomerates. Wet 
method is preferred in soils with a high initial strength or 
low water content. As an example, it is difficult to mix a 
dry binder in a dry crust.  

In general, dry mixing does not require preparations of the 
work sites such as ample supply of water, plan for the 
drainage of extruded soil and grout and to clear the site 
from extruded material (Hioki, 2002; Yasui et al., 2005). 
Furthermore, there are differences concerning size and 
weight of equipment and space requirements. The volume 
of spoil using wet mixing may be high, 50% to 60% of the 
treated volume (O´Rourke & McGinn, 2004). The dry 
method creates normally no spoil.  

In the Nordic dry method, the dry binder is incorporated 
into the soil from an outlet hole normally placed in 
connection to the upper blades on the mixing tool, roughly 
0.4 m above the bottom of the mixing tool. Consequently, 
when a good contact with the underlying frictional layer is 
required, there may be problems. One solution is to advance 
and to retrieve the mixing tool several times at the bottom 
of the column, i.e. the mixing tool is moved up and down a 
number of times. However, the effectiveness of this method 
is not documented. A simple solution is to incorporate the 
binder while the mixing tool is penetrating the soil. One 
reason why this technique is not used in the Nordic 
countries is that it is difficult and energy-intensive to mix 
the soil and the binder once they have had time to react 
together. This problem is particularly acute in the case of 
lime, as the mixture very rapidly becomes granular. 

 

Crater formed holes 
Crater formed holes in the ground surface are a frequent 
phenomenon in dry deep mixing, Fig. 3.14a. They range in 
depth from a few tens of centimetres to a couple of metres. 
The reason for this phenomenon is not fully understood but 
they seem to be frequent and deep if there are a relatively 
thick and stiff dry crust on low sensitive soils, e.g. gyttja. 
During the incorporation of the binder, the air should be 
evacuated from the mixture to the ground surface. A low 
sensitive and sticky soil makes the evacuation difficult and 
air is accumulated around the mixing tool. The mixing tool 
and the entrapped air pull the top dry crust with it and when 
the entrapped air reaches the surface a crater formed hole is 
formed. There are no documented standard solutions to 
avoid the formation of crater formed holes but the 
contractors often have their own solutions. If holes are 
formed, it is important to fill and compact the holes with a 
frictional material. If the holes are overfilled without action, 
there is a risk that the vertical loads creates vaults over the 
columns and transfer the load to the surrounding 
unstabilised soft soil, as illustrated in Fig. 3.14b. The 
consequence may then be larger settlements developed over 
long time.  
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  (a) (b) 

Figure 3.14 (a) Formation of a crater-formed hole. (b) The formation of vaults in the dry crust over the top of the 
columns.  

It is difficult to mix a dry binder in a dry crust. The lack 
of water makes the soil stiff and prevents the chemical 
reactions from occuring. Furthermore, the column 
installation is normally terminated 0.5 to 1.0 m below the 
ground surface in order to reduce the risk for blow-outs. 
The Nordic dry method has been developed in order to 
improve mixing in the dry crust or in soils of low water 
contents (Gunther et al., 2004). The method is called 
“Modified Dry Mixing (MDM)” and the principal is to 
inject water during the execution in order to generate 
suitable water content for the mixing process of a dry 
binder-soil mixture.  

 

Ground movements 
The installation process may cause relatively large 
ground movements due to the incorporation of dry or wet 
binder. High slurry content may result in large ground 
movements and large amounts of extruded material (e.g. 
Hirai et al., 1996; Kakihara et al., 1996; Uchiyama, 1996; 

and Väläaho, 2000). A large number of tests have been 
performed especially in Japan on this issue.  Fig. 3.15 
shows records of lateral ground movements during deep 
mixing works. The figure shows three situations where 
measuring point lies: (a) on the same level as the 
stabilisation; (b) over the stabilisation and; (c) under the 
stabilisation. When the measuring point lies on the same 
level as the stabilisation, the results indicate that 
problems may occur when the x/L ratio is less than 1.5. 
When the measuring point lies over the stabilisation, the 
measured lateral movements are very small. However, 
the lateral movements may be very large when the 
measuring point lies under the stabilisation as shown in 
Fig.3.15c. 

It is difficult to determine whether dry mixing causes less 
ground movements than wet mixing. Kakihara et al. 
(1996) report a study where dry and wet mixing are 
compared in parallel and conclude that the lateral 
movements were larger at wet than dry method.   
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Figure 3.15 Lateral displacements during installation (results after Uchiyama, 1996; Masuda et al., 1996; Hirai et 
al., 1996; and Kakihara et al., 1996). 
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Few investigations concerning ground movements have 
been reported in the Nordic countries. Heaves of about 0.2 
m have been observed in connection to dry deep mixing, 10 
m long columns, as reported by Carlsten and Marxmeier 
(2000). Relatively large horizontal movements of about 300 
mm have been reported in connection to a slope 
stabilisation work by Viberg et al. (1999). Hallingberg 
(2005) presents results of ground movements due to the 
installation of lime-cement columns, installed in a grid 
pattern, parallel to an existing railroad. The measured 
vertical and lateral movements in the existing railroad were 
up to 15 mm and 35 mm respectively (x/L≈0.5).  

The pore pressure in the surrounding soft soil increases due 
to the installation. Vriend et al. (2000) measured an 
increased pore pressure of as much as 130 kPa 5.5m from 
the point of installation. The influence on the surrounding 
soft soil due to the installation process has been 
investigated by Shen & Miura (1999) and Shen et al. 
(2003a,b and 2005). They propose a model where the 
excess pore pressure is expressed in terms of pressure and 
pore pressure parameters. The installation process may 
cause clay fracturing in the range of 2-3 times the column 
diameter. However, the fractures may improve the pore 
pressure dissipation and function as channels for the binder 
to penetrate the soil and thereby improve migration of 
calcium ions. Fracturing, related to dry method, due to 
pneumatic fracturing is reported by Larsson et al. (2005a,c). 
Liu et al. (2005) show that the excess pore water pressure 
can be reduced by a combination of deep mixing and 
vertical drains. 

An established and an effective method for the reduction of 
ground movements during installation is the CDM-LODIC 
method (Kamimura et al., 2005). The principal is to remove 
soil during installation equivalent to the amount of 
incorporated binder slurry. The soil is removed by 
providing the shaft with an earth auger that transports the 
soil to the ground surface. The displacements can also be 
reduced by other countermeasures (Uchiyama, 1996): 
displacement absorbing trenches; air recovery holes; steel 
sheet piling. Other countermeasures are augered holes filled 
with bentonite as reported by Ito et al. (1996). 

A mixing tool is developed in Japan where the binder is 
incorporated from the end of the mixing blade (Takeda & 
Hioki, 2005). The binder outlet hole is placed on the edge 
of the mixing blade and by which the air-binder mixture is 
injected towards the mixing shaft. Results presented by 
Takeda & Hioki (2005) show that the inward-oriented 
injection reduces the ground movements, makes the air 
evacuation more effective and eliminates the air leakage to 
the surroundings.  

The sequences of the installation of columns have an 
influence on the ground movements. Masuda et al. (1996) 
and Kakihara et al. (1996) have studied different 
installation sequences and came to the same conclusion. In 
order to cause the least possible lateral ground movements, 
the installation should be performed in rows away from the 
adjacent construction as illustrated in Fig. 3.16. In Sweden, 

it has been practice to install lime-cement columns 
according to this sequence in connection to existing rail 
road embankments. A further step is to install about five 
rows and then omit five rows etc. The omitted rows are 
then installed in a later sequence. 

 

 Suitable location of adjecent construction 
related to deep mixing work 

Unsuitable

Unsuitable

Unsuitable

 

Figure 3.16 Recommended sequence of installation in 
relation to adjacent construction.  

3.7 On laboratory mixing 
Field studies of the mixing process are difficult and costly 
to perform. It is therefore appropriate for fundamental 
studies to be carried out in the laboratory environment 
using materials with controllable rheological properties and 
mixing tools with simple geometries. Such work may shed 
light on which phenomena are likely to be the most relevant 
for field trials. It should not aim to provide directly 
applicable data but to yield results that will suggest new 
approaches to the mechanism behind the real problem. To 
ensure that new findings are relevant, laboratory tests must 
keep in close contact with real-world problems. This will 
also ensure that problems are not over-simplified. Some 
few scientists state that laboratory-scale auger or paddle 
mixing should become an integral part of a deep mixing 
project since they observed similarities between the 
properties of laboratory-scale test and full-scale test (Al-
Tabbaa & Evans, 1999; Larsson et al., 1999; Hernandez-
Martinez & Al-Tabbaa, 2004). 

However, it is an established opinion that the mixing 
process cannot be simulated in the laboratory (e.g. Terashi, 
1997; Bruce et al., 1998a). The only variables that can be 
simulated are the type and quantity of binder. The primary 
purpose of laboratory tests is to tell us whether it is possible 
to stabilize a soil (e.g. Carlsten, 1991). One purpose of 
today's standards is that they should result in a best 
improvement effect in respect to the degree of mixing 
which should be considered as a sort of index for the soil in 
concern (Babasaki et al., 1997). There is an ambition to 
establish empirical relations, based on accumulated 
experiences, between the strength achieved in the 
laboratory and that achieved in the field. However, different 
laboratories may return different results even when 
stabilizing the same soil with the same binder (Edstam & 
Carlsten, 1999). Current laboratory methods for preparing 
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test specimens tell us little about the mixing process. Some 
of the factors affecting the mixing process reported in 
section 3.5 lie far outside the range of application of deep 
mixing. Examples are the laboratory preparation of 
specimens consisting of completely remolded soil and the 
mixing of specimens many times more than it is reasonable 
to do in the field. Empirical relationships can only be found 
if the process parameters of the laboratory tests are within 
the range of application of the method. Since the factors 
affecting mixing are probably not mutually independent, 
there is a serious risk that incorrect conclusions will be 
drawn if one or more of these parameters are kept constant 
far outside the application range. 

 

 
4 PRODUCTION QUALITY CONTROL 
Quality assurance and quality control play an important and 
necessary part of deep mixing works. As for a major part of 
ground improvement methods, it is necessary to investigate 
if the improvement will function as intended and to check 
that the pre-assumed strength and deformation properties 
have been reached. Thus, the quality assessment must be 
adapted to the present application and the purpose of deep 
mixing. For settlement reduction the deformation properties 
are of main interest whereas for improvement of stability 
the strength properties are of main interest. For other types 
of applications, other properties may be of main interest. 
Quality assessment may also refer to execution control, i.e. 
the control of the amount of binder incorporated, rotation 
speed etc. Quality assurance is a process tool that should 
guarantee that the client receives the ordered product.  

Fig. 4.1 shows a flow chart for quality control and quality 
assurance. The quality control can be divided into 
laboratory tests, field tests on test columns, quality control 
during execution, quality verification after execution and 
follow-up measurements. Laboratory tests are normally 
performed in advance in order to check if the present soil 
can be stabilised. These laboratory tests are normally 
included in the quality assessment process. However, the 
strength and deformation properties as determined in the 
field may differ considerably from those for laboratory 
samples. The discussion concerning laboratory testing and 
its relation to field properties is extensive and merits an 
own “State of practice report”. Laboratory testing is not 
further discussed in this report. 

Traditionally, however, the strength with respect to 
undrained shear strength has been the major checked 
characteristic. Other commonly checked parameters are the 
location, length and diameter of columns. The choice of 
control method depends on what characteristic to be 
measured, the expected strength in the stabilised soil and 
the depth to which the control is performed. Different 
methods may thus be suitable dependent on type of binder. 
The final design should be based on field measurements 
and the main difference between quality assessment of dry 
and wet mixing is the expected magnitude of the strength. 
An important main task for the quality control is to locate 
and determine the extent of weak parts. It is important to 
separate the term quality with respect to the situation it is 
used, i.e. if it is used to quantify the prediction made of the 
designer or if it is used to quantify the performance of the 
mixing device. 

 

 

Design 
Design strength 

Laboratory trials

Test columns 

Execution Execution control 

End 

Quality verification Confirm the quality of improvement by 
coring, soundings etc.  

Ensure quality control by controlling the 
binder content and mixing conditions during 
execution.  

Implement a rational mix design by 
laboratory mixing test and in certain cases by 
field tests on test columns at the site.   

Follow up 
measurements 

Verify the behaviour of improvement in the 
long term by measurements of ground 
movements etc.  

Flow of design 
and execution 

Quality control Objectives

 

Figure 4.1 Flow chart for quality control and quality assurance (modified after CDIT, 2002).
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Puppala & Porbaha (2004) and Puppala et al. (2005) have 
presented the results of an international survey of interest 
concerning quality control practice. The results showed that 
in-situ test methods are the most popular and strength was 
the most important to control. CPT or cone penetration was 
favoured. SPT has been primarily used in Asia whereas 
CPT, vane tests and column penetration tests have primarily 
been used in Europe. The use of geophysical tests is still 
infrequent. Samples are taken mostly by core sampling and 
from test pits and excavations.  The survey also showed that 
one of the major limitations of the literature available is the 
lack of consistency or agreement between studies 
conducted in Europe, Asia and United States. 

 
4.1 Mixture quality 
In a discussion concerning quality assessment, it is first 
important to define quality as a concept. It is common to 
use the expression good or bad quality without a clear 
definition and without a proper sense. Quality control may 
intend the assessment of strength magnitudes and 
variability. Quality control may also intend the assessment 
of the distribution of binders or the variability in strength 
properties with the aim to control and to judge the mixing 
process.  

The assessment of mixture quality is central to any 
investigation of mixing. The measurement of degree of 
mixedness or required mixing time requires the 
measurement of mixture quality. But when is a mixture 
well mixed? Traditionally the answer can be that a mixture 
is well mixed when it is good enough for its purpose. This 
does not generally mean that it is homogenous. On a 
sufficiently small scale, practically all mixtures are 
heterogeneous. Thus, the term homogeneity is difficult to 
define. Numerous researchers in the process and chemical 
industries have discussed and written about the concept of 
homogeneity or the perfect mixture. One example of a 
definition is offered by Fan et al. (1970), who define a 
homogeneous mixture as “one in which the content of all 
constituents is uniform in every part of the mixture”. The 
term homogeneity may mean different things for different 
persons and in different industries. Thus, the concept is 
only useful when associated with a suitable and well 
defined scale. 

When assessing mixture quality it is necessary to 
distinguish between the distribution of the binders and 
special characteristics. Many factors are involved besides 
the efficiency of the mixing process. When assessing the 
quality of a process it is important to focus on the most 
important results for the product. To assess the 
effectiveness of the operation it may be necessary to use a 
number of indirect measurement methods to assess a 
specific result, as mixing equipment may perform several 
functions simultaneously, e.g. breaking up agglomerates 
and distributing binders. 

Generally, an expression for the degree of mixedness is 
intended as an indication of the variations existing in the 
mixture. For example, the coefficient of variation can be 

used as an expression for mixture quality. A sample taken 
from a mixture can only approximately reflect the 
distribution of the components of the mixture. The more 
samples are analysed, the better the approximation will be. 
When the number of samples analysed is small, the error 
assumed in the statistical analysis will be large. This error is 
expressed as a confidence interval defining the bounds 
within which the statistical value lies. The size of the 
confidence interval depends on the number of samples 
analysed and on the statistical reliability. Complete mixing 
could be defined as the state where all samples extracted 
from the mixture contain the same proportions of 
components, or the same properties, as the whole mixture.  

Based on results of the determination of the binder content 
in samples taken from the stabilised soil the mixture quality 
can be evaluated quantitatively using mixing indices. There 
are a large number of different mixing indices based on 
concentration variances defined as (Poux et al., 1991) 

 achievedbecanthatmixingThe
occuredhasthatmixingThe

M =
 (4.1) 

An estimate of homogeneity utilizing concepts of mixing 
index is based on the ability to estimate concentration 
variances. On the assumption that sampling errors and 
analytical errors are independent of each other, the 
concentration variance of a mixture can be written as (Yip 
and Hersey, 1977): 

 22222
puritysamplinganalysismix σσσσσ +++=  (4.2) 

where 2
mixσ  is the variance due to the mixing, 2

analysisσ  is 
the variance due to the analytic method, 2

samplingσ  is the 
variance due to the sampling method and sample size, and  

2
purityσ  is the variance due to the sample purity. The 

contribution of sampling method and analytic method to the 
total error can be substantial and when studying e.g. the 
effect of a mixing process on homogeneity it is therefore 
important to be able to estimate the influence of the analytic 
method and the sampling method and to ensure that 
samples are not contaminated. 

The efficiency of mixing can also be assessed by comparing 
the strength of laboratory prepared samples with the 
strength of samples taken from the site. This type of 
definition of the quality assessment is based on the 
assumption that the strength and deformation properties 
obtained from tests on laboratory prepared specimens are 
the best achievable. The design must be based on 
experiences of differences between lab and field.  

Porbaha et al. (1999) propose the use of a reliability-based 
quality index based on the resistance ratio. The resistance 
ration R  can be defined as the dimensionless ratio of the 
measured strength to the design strength. 

 strengthDesign
strengthActual

R =
 (4.3) 
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The quality index describes the number of standard 
deviations separating the best estimate of R  from its 
limiting value of 1.0 according to the relation 

 

[ ]
[ ]R

RE
σ

λ 1−
=

 (4.4) 

where [ ]RE  is the expected value and [ ]Rσ  is the standard 
deviation. The resistance ration R , as a quality index, 
considers thus the pre-assumed strength in the design.  

It is the author’s opinion that the efficiency of mixing 
should be based on the variations existing in the mixture, 
e.g. the coefficient of variation. It may be confusing to use 
the strength magnitude as a measure since a high strength 
doesn’t necessarily mean that the variations existing in the 
mixture are low. The strength magnitude depends mainly 
on the binder type and content and less on the efficiency of 
mixing.  

 
4.2 Quality control 
The installation process is supervised by continuous 
monitoring and recording of a number of parameters. 
According to CENT C 288 the execution control shall 
include: 

a) penetration and retrieval speed of mixing tool; 

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

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

d) feed rate of binder/slurry. 

The torque or some other energy-related parameter is 
normally measured, however not in the Scandinavian 
countries. The installation process control may also involve 
the recording of mixing depth, start time, time at bottom, 
finish time, grout mix details, grout injection pressure, total 
grout injected, the density of the slurry. Pore water 
pressures, vertical and lateral movements are sometimes 
measured during installation. 

 

4.3 Penetration methods 
There are numerous of publications on penetration methods 
used for the quality control of stabilised soil. A wide range 
of penetration methods has been used or developed in Asia 
and Europe to assess the quality of stabilised soil. These 
methods are conventional or specially designed penetration 
methods such as pushing, pulling, rotary or dynamically 
driven methods. Based on an extensive survey, Puppala et 
al. (2004a) recently proposed protocols for execution and 
evaluation of the test results for SPT, CPT and 
pressuremeter tests. Further surveys of interpretations of 
test results and case studies are presented in Puppala et al. 
(2004b). The Swedish column penetration test is recently 
reviewed by Axelsson & Larsson (2003).   

 
 
 

Column penetration tests 
In the early stage of the lime-cement column method 
development, it was concluded that static penetration tests 
were unsuitable for production quality assessment because 
of the small test-volume and the difficulty of knowing the 
exact position of the probe (Boman et al., 1980). In 
cooperation with the Swedish National Road 
Administration, Torstensson (1980a, 1980b) developed the 
lime column probe, which is the most used column 
penetrometer test today (Fig. 4.2a). A further development 
of the column penetration test was presented by Chalmers 
University of Technology during the early 1990s. The test 
was called reversed column penetration test 
(Ekström, 1992). The shape of the probe was retained but 
the direction of the testing was changed. The method was 
further developed in which the probe is installed during the 
mixing process, termed preinstalled reversed column 
penetration test, Fig. 4.2b (Holmqvist, 1992). The objective 
with reversed column penetration tests is that the probe is 
kept in the centre of the column during the test. The probe 
is normally placed during column manufacturing under the 
mixing tool and the wire runs through the kelly bar. When 
the column is manufactured, the probe remains below the 
column and the wire runs through the whole column up to 
the ground surface. 

Column penetration tests are normally performed according 
to the Swedish guidelines (SGF, 2000), also described in 
prEN 14679 (2005). In this test, the probe should be as 
wide as possible, preferably 100 mm smaller than the 
column diameter. The test is executed by pressing the probe 
down into the centre of the column at a speed of 20 mm/s 
with continuous recording of the penetration resistance. A 
centre hole is prebored when necessary in order to facilitate 
verticality. According to Ekström (1994), columns up to 
12-15 m length with compressive strength up to 600-700 
kPa can be tested with this method. Local parts of high 
strengths may be penetrated by dynamic impact. The probe 
may be provided with several blades in order to improve 
the guidance of the probe and to test a larger part of the 
column cross section (Halkola, 1999). 

 

a

a a-a

15-20 m m

 

Figure 4.2 (a) The lime column probe (Torstensson 
1980a, 1980b). (b) Probe for reversed 
column penetration test (after Holmqvist 
1992). 
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Figure 4.3 Comparison between the evaluated shear 
strength from column penetration tests, 
unconfined compression tests and from 
triaxial tests (Axelsson & Larsson, 2003).  

Fig. 4.3 shows results of column penetration tests from 
Arboga together with results of unconfined compression 
tests and triaxial tests on 50mm diameter samples. The 
shear strength has been assumed in the comparison to be 
half the compressive strength of the improved soil. The 
strength properties vary over the column sections and 
lengths due to soil layering and variation in soil properties. 
The upper layer consists of a crust with grey-brown soft 
clay of low sensitivity with the water content below the 
liquid limit, which has been found to be difficult to mix the 
binder into when the overburden stress is low. The results 
clearly show the influence of the tested volume on the 
variability. The column penetration tests show less 
variation in the test result due to the large volume 
investigated. There is also a small variation between the 
different penetration tests. 

The column penetration test may be improved by attaching 
a pressure gauge to measure the penetration resistance, 
exclusive of bar friction, and an inclinometer may be added 
for verticality control (Forsgren & Ekström, 2002). The 
probe can also be attached to a CPT device as discussed by 
Halkola (1999). This improvement is important since the 
bar friction may be as large as the penetration resistance in 
the stabilised soil. This type of improved column 
penetrometer test is now regularly used in the west part of 
Sweden.  

The undrained shear strength of the stabilised soil is 
evaluated using a bearing capacity relation according to 
Equation 3.6. Boman (1979) proposed a bearing factor that 
is approximately equal to 10 for a probe with the area of 
100 cm2. Holm et al. (1981) and Broms (1984) proposed, 
however, that the bearing factor should be 11, based on a 
comparison with pressuremeter tests. According to the 
Swedish guidelines, the bearing factor 10=N  can be used 
(SGF, 2000). However, Wiggers & Perzon (2005) state that 
the bearing factor 20=N  should be used in stabilised peat.  

There exists no standard with respect to the dimensions on 
the probe. Therefore, the shape and area may differ and it is 
therefore important to consider the area of the probe used in 
every project (Axelsson, 2001). A joint problem with most 
of the sampling and testing techniques is that only the 
centre parts are tested. If the strength properties vary over 
the column cross-section the results obtained from column 
penetration tests may be misleading. 

Recent experiences show that column penetration tests are 
considered reliable as the primary quality test with 
reference to the uniformity and continuity of the columns as 
discussed by Axelsson & Larsson (2003). Several 
investigations indicate that the reversed column penetration 
is not a reliable test since the wire disturbs the mixing 
process. The problem is, however, easily solved letting the 
column machine install the probe after the manufacturing. 
The reversed column penetration test, installed in this way, 
is considerably more reliable than the conventional column 
penetration test since the verticality is ensured and a larger 
force can be applied during testing.  

 

Dynamic penetration tests including SPT 
Different types of dynamic penetration test may be used 
where a probe penetrates the stabilised soil using a hammer 
weight. The number of hammer drops to reach a desired 
depth provides a rough index of the strength of the 
stabilised soil. In Finland, the weight of the hammer is 8 kg 
and the fall height is 575 mm (Huttunen et al., 1996). The 
diameter of the conical point is only 20 mm. In Japan, 
lighter equipment is used where the weight of the hammer 
is 5 kg and the fall height is 500 mm (Hosoya, 1997). 

Standard penetration test SPT may be the most widely used 
field test method for soil investigation and is also used in 
stabilised soil especially in Asia. However, the method can 
not be regarded as well established in Europe. The SPT 
probe is driven into the soil by dropping a weight from a 
constant height. The number of blows to penetrate the soil 
300mm may be taken as a rough measure of the strength of 
the stabilised soil. The results must be regarded as coarse 
and should only be used as a relative measure. The method 
should only be used as a secondary test method. 

 

Cone penetration tests CPT 
During the 1990s, cone penetration tests (CPT) were 
occasionally used in Sweden for determination of the 
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strength parameters and the uniformity of lime-cement 
columns. CPT provides continuous measurements of the 
penetration resistance, sleeve friction and pore water 
pressure at the tip of the probe. However, CPT tests have 
not been established in Sweden because of difficulties in 
maintaining verticality and due to the limited volume 
tested. The problem is similar to that of the static 
penetration tests, which was rejected as quality control in 
the 1970s. In Finland and Norway, however, CPT tests are 
commonly used (Halkola, 1999; Want et al., 1999) and the 
method is used as a primary test method is several countries 
in Europe, e.g. England. CPT is also often used as a control 
method in block or masstabilised peat, e.g. Mácik et al. 
(1999). As for other types of stabilised soils there are 
problems reported concerning the evaluation of the test 
results and the strength properties and that the penetrometer 
has a tendency to deviate from the column at relatively 
shallow depths (e.g. Huidén, 1999). The undrained shear 
strength is evaluated, as for the column penetration test, by 
a bearing capacity relation according to Equation 4.6. The 
choice of a proper bearing capacity factor has been 
discussed and the lack of reference methods makes the 
choice difficult.  

A common problem with CPT is difficulties keeping 
verticality. High bar friction makes the problem worse. 
Porbaha et al. (2001b) presented a promising development 
of CPT where the bar friction is decreased by circulating 
mud water along the bar during penetration. The method is 
named FRICON (FRIctionless CONe). Porbaha et al. 
(2001b) also presented results of a comparison of in-situ 
strength evaluated by FRICON and results from shear and 
compression tests on core samples. The results indicate that 
the correlations between direct shear tests and unconfined 
compression tests (qu/2) with cone are 22-23 and 18 
respectively. The bearing capacity factor Nk is thus 22-23 
related to direct shear tests and 18 related to unconfined 
compression tests.  

The seismic cone penetration test has been tested by 
Hansson et al. (2001). The seismic cone evaluates both 
strength and stiffness properties where the shear wave 
velocity is measured by two sets of geophones mounted in 
the cone. The method may be an interesting alternative to 
geophysical down hole tests.  

CPT is not commonly used in Japan due to the problems 
connected to high strength stabilised soil. It is difficult to 
penetrate cement columns and even more difficult to keep 
verticality. CPT is applicable for low strength stabilised soil 
(Hosoya et al., 1997). 

In Finland, a combined static-dynamic penetration test has 
been used for high strength columns where the capacity for 
CPT has been exceeded (Halkola, 1999). The rod is rotating 
and pressed down and when the machine’s capacity is 
exceeded a ram start to hit the rod.  

The Swedish weight sounding method, also a static 
penetration test, is used occasionally as secondary 
complement to the column penetration test.  As for the 

standard penetration test and CPT the weight sounding 
method is considered as unsuitable due to the small volume 
tested. However, the small probe may be suitable in 
inclined soundings to test the strength over the column 
cross-section and to test the overlapping between columns 
installed in panels (Larsson, 2005). 

 

Vane tests  
The vane test is an important and useful method of 
determining the shear strength of soft soils. In the early 
1980s, a special vane test for lime columns, composed of 
thick vanes, was developed in Finland (Halkola, 1983). The 
diameter and the height of this vane are 132 mm and 65 
mm, respectively. The blades are thicker than normal, 6 
mm next to the shaft and 3 mm for the outer half of the 
wings. A modified vane has also been used in Norway as 
reported by Braaten et al. (1999) and Aabøe et al. (2000). 
According to Halkola (1999) the maximum undrained shear 
strength, which can be measured, is 200 kPa. According to 
Axelsson & Larsson (1994) the correlation between the 
vane test and the column penetration test is good when the 
column shear strength is roughly 100 kPa. However, this 
vane has only rarely been used in Sweden, as the vane may 
disturb the stabilised soil during penetration. The method 
can therefore underestimate the strength considerably as 
reported by Boman (1979) and Axelsson & Larsson (2003). 

 

Soil/Rock Sounding, Total Sounding and Rotary 
Penetration Test 
There exist a number of different rotary penetration 
methods where the test principles are to measure a number 
of parameters during penetration and drilling. There are 
different types of drilling bits used. 

Soil/Rock probing is a Swedish method where the thrust, 
drilling rate rotation speed, torque, spoil water flow and 
water pressure may be measured. The method is used for 
preboring before column penetration tests or in high 
strength columns when the strength is too high for other 
methods. According to Ekström (1994), the undrained shear 
strength can be roughly estimated from the penetration 
resistance using a bearing capacity factor of 20. In high 
strength columns, the factor should be higher.  

In the rotary penetration test, which is developed in Japan, 
the tip resistance is measured together with the torque and 
water pressure by a specially designed probe. The strength 
can be estimated empirically from the measured drilling 
speed, rotation speed, thrust and torque (Hosoya et al., 
1997; Porbaha, 2002; Porbaha & Puppala, 2003). However, 
there are empirical constants that must be determined 
related to each of the four measured variables.  

Jelisic & Nilsson (2005) have tested the Total sounding (a 
development of the Soil/Rock probing) in cement columns 
at Husby, Sweden. Based on a somewhat circumstantial 
reasoning the undrained shear strength is evaluated from 
the sounding resistance. The reasoning by Jelisic & Nilsson 
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(2005) is mainly based on the validity of a bearing capacity 
relation, similar as for CPT tests. However, the failure 
mechanisms may be principally different since the total 
sounding cuts the soil by a drill bit. The sounding resistance 
is not measured at the tip which makes the influence of the 
bar friction uncertain. It is remarkable that it was possible 
to test 18 m long columns since it is common that probes 
are deviating out of the columns.  

 

4.4 Load tests 
 
Dead load- and plate load tests 
The compression modulus can be determination by full-
scale embankment load tests. Test results have recently 
been presented by e.g. Craft (2004), Stewart et al. (2004), 
Allén et al. (2005), Cali et al. (2005a) and Eriksson et al. 
(2005). These types of tests are not common but should be 
performed more often. Load tests can also be performed on 
single short columns (Kivelö, 1998). A vertical load is 
applied in steps on a column similar to the load test of piles. 
Raju and Abdullah (2005) show results of 4-column plate 
load tests performed in Malaysia.  

Plate load tests have been tested in order to estimate the 
deformation properties of lime-cement columns in Sweden 
(Baker et al., 1997, Baker, 2000; Baker et al., 2005). Two 
plates are used that are connected by a steel wire, Fig. 4.4. 
The lower plate and the steel wire are installed during the 
column installation, similar procedure as for the reversed 
column penetration test. The wire is loaded by a hydraulic 
jack.  

 

Pressuremeter test 
Pressuremeter test is used to evaluate the strength and 
compression modulus in columns. A pressuremeter is 
installed in a drilled hole in the centre of the column. The 
pressure and displacement of a membrane is measured in 
radial directions. The strength properties are evaluated 
using cylindrical cavity expansion models. 

The advantages are that the compression modulus can be 
evaluated for a relatively large volume and high strength 
columns can be tested. However, the results are often 
difficult to analyze as reported by Hughes et al. (2001). The 
test is relatively time consuming and thereby relatively 
expensive. Few records of pressuremeter tests are available. 
Hughes et al. (2001) performed pressuremeter tests and 
unconfined compression tests on core samples taken in the 
same bore hole, Fig. 4.5. The results illustrate a typical 
example of problems of comparing different methods when 
a number of test conditions differ. Cali et al. (2005b) 
presents results where pressuremeter tests and compression 
tests on field samples have been performed in parallel. No 
correlation between the compression tests and in-situ 
pressuremeter tests was evident. However, in the US the 
pressuremeter test is considered as an excellent tool for 
quality control (e.g. Hughes et al., 2001; Esrig et al., 2003). 

 

 

Figure 4.4 Plate load test for the determination of 
deformation modulus (Baker et al., 1997). 
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Figure 4.5 Shear strength determined from 
pressuremeter tests and unconfined 
compression tests on core samples from 
one column at Boston (Hughes et al., 
2001). 

Hydraulic conductivity tests 
The hydraulic conductivity of lime-cement columns is 
seldom measured even though the property has an influence 
on the rate of deformation. Very few records are available 
from field tests. Pressure-permeameter tests, which are 
similar to pressuremeter tests (Baker, 2000), have been 
carried out by Pramborg & Albertsson (1992) on stabilised 
soil. Baker et al. (1997) and Baker et al. (2005) have 
performed tests similar to those used for flow tests in 
boreholes in a rock mass.  
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4.5 Geophysical methods 
Geophysical methods have been used, mainly on 
experimental level, in order to obtain an initial overall 
assessment of the quality of the stabilised soil which can 
assist in optimising the control programme. Geophysical 
methods involve seismic methods (inhole, crosshole and 
downhole logging) and electrical resistivity. The dynamic 
compression and shear modulus are evaluated by measuring 
the compression and shear wave velocities, respectively. 
The average velocity of seismic waves between a source 
and a receiver is measured. The tested volume is large in 
comparison with penetration tests. Small defects may thus 
have little influence on the evaluated results. Major 
advantages are that geophysical test are non-destructive and 
can be performed in the same material at several occasions. 
The interpretation of geophysical measurements is a 
somewhat complex process and a great deal of practical 
experiences is required of the operator. The basic of 
geophysical methods is not treated in this report since there 
exists numerous of excellent references. A concise 
description of seismic testing is presented by Massarsch 
(2005).  

There is an obvious optimism concerning geophysical 
methods since quality control normally is complex and 

relatively expensive. In the authors´ opinion, there is a 
somewhat uncritical attitude concerning the possibilities to 
evaluate strength and deformation properties in stabilised 
soils from geophysical measurements. A relatively large 
amount of geophysical measurements on stabilised soil 
have been performed in the lab. However, it is important to 
evaluate their relationship with in-situ tests. One obstacle to 
the use of geophysical techniques is the unfamiliarity of 
geotechnical engineers regarding what they can expect from 
geophysical tests and the relation to static geotechnical 
strength and deformation properties as emphasised by Foti 
& Butcher (2004).  

 

Seismic methods 
Fig. 4.6 shows results of previously presented studies 
concerning the relation between the unconfined 
compressive strength vs.: a) S-wave velocities and; b) P-
wave velocities. The results concerning the relation 
between the unconfined compressive strength vs. S-wave 
velocities (Fig. 4.6a) indicate that there is a strong 
correlation between the S-wave velocity and the unconfined 
compressive strength in the low strength interval 
qu<≈2MPa. In the higher strength interval, qu>≈2MPa, the 
results concerning the relation between the unconfined 
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Figure 4.6 Unconfined compressive strength vs.: a) S-wave velocities and; b) P-wave velocities. 

 

Figure 4.7 Unconfined compressive strength vs. S-wave velocities and P-wave velocities of specimens bored 
from three sites (Nishikawa et al., 1996).
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compressive strength vs. P-wave velocities (Fig. 4.6b) 
indicate a relatively weak correlation. Fig. 4.7 shows results 
of the relation between the unconfined compressive 
strength vs. S-wave velocities and P-wave velocities of 
specimens bored from three sites in Japan (Nishikawa, et 
al., 1996). P-wave and S-wave velocities increase with 
strength of improved soil but the correlations are very 
weak. Yesiller et al. (2000) explain the poor correlation 
between P-wave velocity and unconfined compressive 
strength by the fact that strength is highly affected by the 
composition of the material, including voids, imperfections 
and defects and is not as closely correlated to wave 
velocity. The influencing factors are probably not 
independent, which may make the obtained results site 
specific. S-wave tomography by means of cross-hole 
measurements has also been performed in cement stabilised 
soil by Hane & Saito (1996).  

The Integrity test, similar as for tests of concrete pile, is 
used in Japan on columns with unconfined compressive 
strength over 1MPa (Tamura et al., 1996; Futaki & Tamura, 
2002). 

The problem of comparing the relation between S-wave 
velocities and other test methods in the field are shown in 
Fig. 4.8. The figure shows the relation between the 
unconfined compressive strength of core drilled specimens 
vs. S-wave velocities measured in the field. As expected the 
scatter related to compression tests on small core drilled 
samples is large.  

Unfortunately, there are few records presented of the 
correlation between static deformation properties vs. S-
wave and P-wave velocities. Yesiller et al. (2000) obtained 
relatively good relations were found between the P-wave 
velocity and the compression modulus and densities 
respectively as shown in Fig. 4.9. Wave propagation occurs 
along the fastest path in the soil and is therefore strongly 
correlated to the stiffness. Hird & Chan (2005) developed a 
method of establishing a correlation between unconfined 
compressive strength and shear wave velocity or maximum 
shear modulus of stabilised soil.  

Massarsch (2005) states that it is possible to determine 
static deformation modulus at small strains from seismic 
tests based on the observations that the rate of loading 
during seismic tests is comparable to that of a conventional 
static test. The main reason for the differences between the 
seismic and the static modulus is the strain magnitude, 
which must be considered in an analysis.  

Electrical resistivity 
Electrical resistivity measures the soil resistance to 
electrical current flow. The technique may be applicable as 
a quality control method for stabilised soils. Tests in 
cement stabilised soil and discussions concerning the 
applicability have been published by Imamura et al. (1996), 
Tamura et al. (2002), Staab et al. (2004) and Staab et al. 
(2005). 
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Figure 4.8 Relation between the unconfined 
compressive strength of core samples vs. 
S-wave velocities measured in the field 
(modified after Unamin & Shima, 1996). 

 

Figure 4.9 Relation between the P-wave velocity and 
the modulus of elasticity on laboratory 
prepared specimens  (Yesiller, 2000) 

Imamura et al. (1996) obtained correlations between the 
electrical resistivity vs. the unconfined compressive 
strength and the water content of core samples from jet-
grouted columns. According to Imamura et al. (1996), it is 
possible to interpret the quality of the stabilised soil, if the 
relation between the electrical resistivity vs. strength and 
the water content etc. is known. Staab et al. (2004) show 
that depend on soil type, cement content, water content, and 
time after mixing. An important conclusion as stated by 
Staab et al. (2005) is that there appears to be strong 
correlations between electrical resistivity and strength when 
the cement content is constant. When the cement content 
varies the correlation is weak. Staab et al. (2005) emphasize 
that further field tests are required to evaluate how well this 
technique works on actual stabilised soil. 
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4.6 Sampling 
 
Coring 
Laboratory strength tests on core samples are normally the 
primary test methods for the quality assessment of cement 
treated soil. Coring can be conducted by different types of 
methods (double or triple tube), depending on the strength 
magnitude. The main reason for core sampling is 
difficulties performing penetration tests in high strength 
stabilised soil.  

Coring is sensitive to the sampling device and technique 
(Porbaha, 2002) and should be supplemented by other test 
methods. The small size tested may cause difficulties in the 
evaluation of the test results due to the large variability in 
the small scale and size effects. Several investigations have 
reported size effects where the measured strength decreases 
with increasing sample size (e.g. Futaki et al., 1996; 
Hosoya et al., 1997). The strength in cement-stabilised soil 
may be significantly affected by weak layers, cracks and 
micro-cracks. Triaxial tests are preferable to unconfined 
compression tests. In Japan, it is recommended that the 
samples should be at least 76mm in diameter and 150mm in 
length.  

The continuity of the stabilised soil is evaluated by a visual 
observation and the RQD value (Hosoya et al., 1997). The 
quality is also evaluated by the average value and the 
coefficient of variation from compression tests. The 
problems related to the evaluation of test results from 
compression tests on core samples are illustrated by Fig. 
4.10. If all results are considered the mean may be low and 
the variance high due to disturbances. If the better cores are 
selected the mean will probably be too high. The correct 
distribution is uncertain and must be assumed.  

At the Boston´s CA/T project more than 7000m length of 
core was drilled (Lambreshts & Nagel, 2003). The 
extensive and unique experiences from this project resulted 
in a series of valuable tips, e.g. triple-tube barrel should be 
used. Also Sugawara et al. (1996) report experiences and 
present a developed core sampler. Burke & Sehn (2005) 
review results of compression tests on core samples and 
discuss experiences from two projects in USA. 

 

 

Figure 4.10 An illustration of histogram concerning 
results from compression tests on core 
samples (Hosoya et al., 1997). 

In the Nordic countries, coring is somewhat unusual due to 
obvious disturbances when the strength magnitudes are 
considerably lower in lime-cement columns compared to 
cement columns. When the strength is relatively low, as for 
lime-cement columns, it is considered that only the best 
parts are tested due to poor core recovery. It is difficult to 
estimate the influence of these uncertainties related to a 
representative strength magnitude of the stabilised soil. As 
an example, Rogbeck (1997) presents results where the 
unconfined compressive strength was evaluated from core 
samples, extracted columns and column penetration tests. 
The compressive strength of core samples was considerably 
lower than the strength of whole column sections tested and 
column penetration tests. Ekström (1994) obtained similar 
results and stated that coring by a triple-tube barrel is 
possible in relatively stiff cement columns (unconfined 
compressive strength over 1MPa). Other disadvantages are: 
that only a single point is sampled over the column cross-
section, the small volume investigated, and the uncertainty 
of where the sample is located in the column cross-section. 

 

Wet grab samples 
Wet grab sampling is a sampling technique where samples 
are taken directly after the execution of wet deep mixing 
methods. A sampling device is lowered down to the 
sampling depth where still wet, liquefied, soil-binder 
mixture is captured and brought to the ground surface. The 
young wet mix is poured into cylinders for laboratory tests. 
Wet grab sampling has been common especially in Europe 
and USA.  

The main uncertainty may be how representative the 
recovered samples of the stabilised soil are as discussed by 
Bruce et al. (2000). There are investigations indicating that 
the strength obtained from wet grab samples is roughly half 
the strength obtained from core samples (Taki & Yang, 
1991; Burke, 1998). The opposite condition has been 
reported by others (Lambrechts & Nagel, 2003; O´Rourke 
& McGinn, 2004). Large property variability has been 
reported, often a coefficient of variation of 50 % (Burke et 
al., 2001; Vriend et al., 2000). If there is large scatter in the 
results, it is difficult to determine the influence of sampling, 
curing etc. The shape of the wet grab sampler seems to 
have an influence since clay clumps may be blocked as 
discussed by O´Rourke & McGinn (2004). Burke & Sehn 
(2005) review results of compression tests on core samples 
from a number of projects in USA. 

 

Auger boring and Piston sampling 
Auger boring has been used to take disturbed samples in 
lime-cement columns for the determination of the binder 
content. However, this method can only be used when the 
column strength is relatively low and is therefore not 
commonly used. Piston sampling has also been used 
(Braaten et al., 1999; Lawson et al., 2005) but it is difficult 
to get undisturbed samples even when the column strength 
is low.  
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Test pits 
Sampling, testing and visual examination can be carried out 
in columns, which have been excavated in open test pits. 
The maximum depth without special means is roughly 2-
4m depending on the site conditions. Test pits are popular 
since they provide simple observations of column shape, 
diameter, overlap etc. The rate of unstabilised or weak parts 
over the column cross-section may be evaluated by pocket 
penetrometer tests or similar (e.g. Futaki & Tamura, 2002). 
A major disadvantage is that the binder dispersion over the 
cross section and the strength and deformation properties 
may vary considerably over the column length, which is 
common in layered soils (Larsson, 2001). The tests 
performed on a shallow depth may therefore only provide 
limited information.   

 

Extraction of columns 
Equipment for the extraction of complete columns was 
developed in the 1970s (Broms et al., 1978; Boman, 1979). 
This method, as shown in Fig. 4.11, has been used in 
several projects in the 1990s (Rogbeck, 1997; Axelsson & 
Rehnman, 1999; Holm et al., 1999; Hansson & Eriksson, 
2000; Rogbeck et al., 2000; Kujala & Lahtinen, 1988; 
Want, 1999). The extraction of whole columns facilitates 
sampling over the whole column length and over the whole 
column cross-section. The column strength may be 
controlled by simple test methods like pocket penetrometer.  

 

 

 
Figure 4.11 Extraction of an 8-metre long lime-

cement column using a split tube sampler 
(Axelsson, 2001) 

In some cases, undisturbed samples have been taken for 
compression tests. However, there are major problems 
obtaining undisturbed samples. The same problem has been 
observed in block-stabilised peat where Mácsik et al. 
(1999) report a case where most of the samples were 
fractured. The quality assessment is often performed only 
by visual examination. 

A simple equipment, developed from the reversed column 
penetration test, where a load plate is installed at the bottom 
of the column, may be used to extract whole columns when 
the strength is high (Åbjörn & Linnér, 1995).  

 

4.7 Visual examinations 
Visual examinations cannot be used for quality assessment 
since the visual impression is difficult to quantify and is not 
necessarily equivalent to the binder distribution (Larsson, 
2001). Visual judgements are associated with human 
senses, and are therefore highly individual and subjective. 
For example, it is difficult for the human sight and feeling 
to detect strength variations for high strength materiel. 
However, since visual examination is simple it is tempting 
to judge the column quality based on individual visual 
assessments. The visual examination may be a 
complementary tool to other types of testing. 

 

4.8 Control of the verticality and diameter 
There exist no simple and established method for the 
control of the verticality and diameter of columns (e.g. 
Axelsson, 2001). The diameter is normally controlled in 
open test pits or by the extraction of whole columns. The 
verticality can be controlled by measuring the centre of the 
columns at some stages in a deep excavation. 

In the case of overlapping columns the verticality has a 
determining influence on the function. According to the 
Swedish guideline (SGF, 2000), the inclination tolerance 
should be in the interval 0.6° – 1.1° (1:100–1:50). The 
overlap between two columns is normally 50-100mm. As a 
result, even when the columns are installed within the given 
tolerances, the overlap may cease to exist with lengths 
exceeding 2.5-5m. The development of methods for the 
control of the verticality is a subject for further studies as 
emphasized by e.g. Axelsson (2001) and Massarsch & 
Topolnicki (2005).  

 

4.9 Construction performance 
Follow up measurements are normally performed in order 
to verify the behaviour of the ground improvement. During 
construction, e.g. embankments or excavations, the lateral 
displacements and settlements are measured by surface 
markers, settlement plates, settlement forks, tell-tales, 
flexible hoses and inclinometers. The stress-strain 
behaviour between the columns and the surrounding soft 
soil can be measured by e.g. earth pressure cells, strain 
gauges and vertical borehole extensometers. The pore 
pressures should be measured but it is rather unusual in 
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Sweden. It is important to measure the parameters included 
in the used design model.  

 

4.10 On the observational method 
The execution of deep mixing, including the design 
process, is normally performed in several iterative phases. 
In Sweden, this process is often named active design, 
however often without a clear definition. As an important 
step of the active design process, test columns are regularly 
installed in advance or at the start of a project (e.g. Holm, 
2000). Primary design, often based only on laboratory tests 
and established experiences, should be followed up by an 
observational approach. The observational method (Peck, 
1969) entails the following items as expressed by Ladd 
(1986): 

 “That the designer select appropriate quantities to 
be monitored during construction; make 
predictions of their magnitudes based on the 
working hypothesis adopted for design (i.e., the 
most probable conditions) and also for the most 
unfavourable likely conditions; and develop 
suitable actions or modifications to handle all 
significant deviations from the design hypothesis. 

 That the field instrumentation provides reliable, 
timely measurements of the quantities to be 
observed. 

 That the engineer evaluates these data to ascertain 
the actual condition and have the ability to 
implement corrective actions during construction.” 

The observational method as stated by Ladd (1986) is 
focused on the mechanical design and not as much on the 
design of the execution process. prEN 14679 (2005) 
provides a somewhat extended approach including the 
design of the execution process. “The following 
instructions shall be given prior execution: 

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

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

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

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

An accurate application of these instructions will result in 
an increased confidence for deep mixing. However, it is 
easy to discuss active design, more difficult to put into 
practice. The observational approach must include 
magnitudes of the decisive parameters and a plan for steps 
to be taken if values are likely to be exceeded. It is 
important to emphasise that the observational method must 
not be a substitute for design. Too often poor design is 

disguised by routine measurements that are not followed-
up.  

The observational method gives the opportunity to regard 
the present design from an actual behaviour. The 
verification of the design shall be based on actual 
observations and measurements during construction. The 
observational method is suitable for deep mixing since it 
normally is difficult to predict the properties in the 
improved soil and it is possible to control the actual 
behaviour. According to Eurocode 7, EN 1997-1:2004, the 
observational method may be appropriate to apply when 
prediction of geotechnical behaviour is difficult. The 
observational method involves a probabilistic approach 
where the probability of the behaviour of the construction 
shall be within established limits. The observational method 
can thereby not be a substitute for design and a “design as 
you go” method. 

The design of a control and measuring system must be 
based on the possibility to perform the measurements 
sufficiently accurate with respect to the instrument, 
personal and interpretation. The design must also be 
regarded as a contractual and organizational issue. The 
measurements and observations shall result in decreased 
uncertainties and thereby be the basis of necessary changes 
in the design. In this matter there are two types of 
uncertainties related to measurements and observations; 
statistical uncertainty is normally due to inadequate number 
of data and; professional uncertainty due to insufficient 
knowledge (paradigm) of the actual behaviour of the 
stabilised soil. These two types of uncertainties are briefly 
discussed in the following two sections, 4.11 and 4.12 
respectively.  

 
4.11 Discussion on the extent of testing and 

sampling 
There exists no universal well-established approach 
concerning the extent of testing and sampling. The extent 
should be determined depending on: the type and purpose 
of the ground improvement work; test and sampling 
method; and the nature of the stabilised soil variability.  

The Swedish guideline SGF (2000) gives general 
recommendations concerning the extent of columns that 
should be tested, based on the size of the improvement 
works. However, this recommendation is based on the 
conditions that the design undrained shear strength is 
maximum 100 kPa and that the total factor of safety is 
higher than 1.0 for the corresponding unstabilised 
construction. Normally, about five penetration tests are 
performed in parallel in order to obtain an average value. 
There has been a discussion concerning a statistical 
treatment of the test results, e.g. Halkola, (1999). However, 
there has not been any straight-forward statistical 
methodology adopted in the Scandinavian countries.  

The stabilised soil should not be tested too early since the 
chemical process has a large influence on the strength and 
deformation properties during the first weeks after 
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installation. It is however desirable to test columns in an 
early stage of the work in order to facilitate improvement of 
the design (Axelsson & Rehnman, 1999). Furthermore, it 
may be difficult to test the stabilised soil after several 
weeks if the strength is high.     

The Japanese guideline CDIT (2002) formulates a 
procedure for the evaluation of results from compression 
tests on core samples where the coefficient of variation is 
considered. The following relation shall be satisfied:  

 
)1( KVuquq fck −≤

 (4.5) 

where ckuq  is the design standard strength (average 
unconfined compressive strength), fuq  is the average 
unconfined compressive strength of the core samples, V  is 
the coefficient of variation and K  is a random variable that 
determines the confidence. Futaki & Tamura (2002) state 
the following values of K  as a function of the number of 
samples N  with 90% confidence.  

N 1 2 3 4~6 7~8 9~ 

K 1.8 1.7 1.6 1.5 1.4 1.3 

 

Fig. 4.12 shows a graphical presentation of the relation (the 
reduction in strength ( KV−1 ) as a function of the 
coefficient of variation for varying number of samples 
tested). As the number of samples increases, a higher 
strength can be utilised. The figure shows that the reduction 
in strength ( KV−1 ) is high when the coefficient of 
variation is high, cf. Figs. 4.12 and 5.4. The figure also 
reflects the discussion concerning stabilised soil variability 
in chapter 3. It is important to consider the variability 
related to the present mechanical system. If the mechanical 
system can be considered as an averaging process the 
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Figure 4.12 Relation between strength reduction 
KV−1  and coefficient of variation V  

based on compression tests on core 
samples according to Futaki & Tamura 
(2002). 

utilisation of variance reduction has a major influence on 
the strength reduction.   

The European standard, “Eurocode 7: Geotechnical design” 
states “If statistical methods are used, the characteristic 
value should be derived such that the calculated probability 
of a worse value governing the occurrence of the limit state 
under consideration is not greater than 5%”. Consequently, 
a statistical treatment of test data on stabilised soil should 
be used in the European countries as well.  

 
4.12 Discussion on evaluated strength- and 

deformation properties 
Stabilised soils are typically c´-φ materials where the 
effective stresses have a major influence on the shear 
strength. However, it is difficult to determine the cohesion 
and the angle of friction and little effort has been done on 
this area. Furthermore, it is difficult to measure the pore 
pressure that is necessary for an effective stress analyses. 
Traditionally, stabilised soil has been considered as a soil 
where the strength parameters are approximately 
independent of the stress path to failure. This 
approximation can be related to early work on a design 
model for lime columns. In consequence, sounding methods 
are normally calibrated with respect to unconfined 
compressive strength obtained from compression test on 
core samples. There is a definite need for extensive data 
from triaxial tests.    

There is a tradition to evaluate the undrained shear strength 
from column penetrometer tests and CPT tests in the 
Scandinavian countries. The undrained shear strength in the 
improved soil coluc ,  is normally assessed using a bearing 
capacity relation  

 k

vc
colu N

q
c

)( 0
,

σ−
=

 (4.6) 

where cq  is the probe resistance, 0vσ  is the effective 
overburden pressure, and kN  is the bearing capacity factor. 
The magnitude of the bearing capacity factor kN  depends 
on the soil, the size and shape of the probe, the soil 
plasticity, depth, the overconsolidation ratio, and the 
performing of the correlation etc. Thus, the bearing 
capacity depends on the failure mechanism during the 
sounding and the way of performing the correlation to 
theoretical assumptions or experiments. Very few studies 
have been published concerning accurate choice of bearing 
capacity factors related to different load situations and 
applications. There is, therefore, a significant risk for bias 
in the evaluation of strength and deformation properties.  

As for a number of penetrometer methods such as column 
penetrometer tests, CPT and weight sounding tests, an 
essential disadvantage is the uncertainty of the evaluated 
properties of the improved soil. When assessing the 
undrained shear strength, the undrained stress condition is 
assumed, strengthened only by a relatively fast sounding 
procedure. The correct definition of undrained condition 
based on constant volume during shearing is normally not 
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shown or investigated. Since the end of the 1980s, cement-
based binders are normally used, and the improved soil 
behaves more like an unsaturated frictional material. 
Improved soil behaves like an overconsolidated clay or clay 
bearing silt. i.e. the induced pore pressure is relatively low 
during undrained triaxial tests (Baker, 2000; Ekström, 
1994; Åhnberg, 2005). Baker (2000) explains this 
behaviour by the fact that the improved soil is not fully 
saturated. For stiff soils a degree of saturation around 97% 
results in a very low generated pore pressure and the 
improved soil depends thereby on the confining pressure. In 
a present published paper, Åhnberg (2004) shows that the 
backpressure during undrained triaxial tests has a 
significant influence on the evaluated shear strength. Thus, 
the undrained failure condition can be questioned and the 
effective stress approach may be more appropriate. 
Furthermore, with cement as binder, the improved soil 
becomes brittle and the failure pattern around the probe is 
uncertain. The main failure mechanism may be cracking 
rather than shearing as assumed. It may therefore be more 
appropriate to use the compressive strength instead of the 
shear strength as the evaluated strength property in the 
improved soil.  

In the Scandinavian countries, dry deep mixing is often 
used to reduce settlements in very soft soils. The 
deformation properties are in these cases of main interest. 
However, the traditional fixation of testing and evaluating 
the strength with respect to penetration tests have resulted 
in a limited knowledge concerning deformation properties 
of full scale stabilised soils and the interaction with the 
over-lying structure. Furthermore, there is a lack of simple 
reliable test methods. Sounding methods can be used to 
evaluate the uniformity and to roughly estimate strength 
properties. The estimation of deformation properties is even 
more insecure and not recommended. Empirical 
relationships exist between strength and stiffness but their 
correlation is generally poor (e.g. Åhnberg et al., 1995; 
CDIT, 2002; Massarsch & Eriksson, 2002; Massarsch, 
2005).  The determination of the strength and deformation 
properties requires in-situ tests, geophysical tests or load 
tests. Few test methods measures directly deformation 
properties and there are not enough experiences from in-
situ tests such as pressuremeter tests and geophysical tests. 
It is common to use experience-based values on modulus of 
elasticity and permeability in design. Increased knowledge 
concerning deformation properties and the development of 
test methods would definitely increase the use of deep 
mixing for the foundation of e.g. houses.  

It is important to consider the objective of the ground 
improvement when choosing test methods (Axelsson & 
Larsson, 2003). For settlement reduction, the deformation 
characteristics are of main interest; for improvement of 
stability, the strength characteristics are crucial. Production 
control methods for the assessment of the cohesion, internal 
friction, and the pore pressure in the stabilised soil are 
required. It should be investigated whether existing test 
methods can be useful for the assessment of cohesion and 

internal friction. Fundamental studies concerning improved 
soil behaviour in the context of theoretical soil mechanics, 
and studies concerning spatial variability are required in 
order to provide help to designers. At present, direct 
determination of the strength and deformation properties 
may require special equipments and evaluations, such as 
pressuremeter tests or the use of load tests. 

 

 

5 VARIABILITY IN DEEP MIXING 
Execution and mixing affects physical and chemical 
properties, including uniformity, strength- and deformation 
properties, and permeability. As for natural soils, stabilised 
soils have relatively high inherent property variability. 
There are several reasons why it is important to consider 
property variability in stabilised soil. The variability is of 
importance in relation to the probabilistic design and in 
connection with quality assessment since the variability has 
an influence on the requisite test and sample sizes. 
Furthermore, knowledge of the factors affecting property 
variability is important when developing the mixing 
process. There exist no general guidelines concerning 
sufficient variability or mixing quality related to different 
applications. According to prEN 14679 (2005) “The 
rotation speed of the rotating unit(s) and the rate of 
penetration and retrieval of the mixing tool shall be 
adjusted to produce sufficiently homogeneous treated soil”. 
This statement provides a real challenge in design. The 
variability related to strength properties should be small 
when the columns are used to increase the stability of high 
embankments, slopes and excavations. Larger variability is 
accepted when the main purpose for the ground 
improvement is to reduce settlements. However, in order to 
meet the statement the discussion must be more modulated. 

The link between the mixing process and the mechanical 
system is visualised in Fig. 5.1. The mixing process 
generates a mixture with certain properties. The stabilised 
soil has relatively high property variability and the average 
and variability, e.g. the coefficient of variation, can be 
evaluated by e.g. test samples. However, the measures of 
the average value and variability are related to the test 
method, the test- and sample size as well as the statistical 
sample size. The analysis of the problem includes an 
analysis of the mechanical system and the related scale, the 
“scale of scrutiny”. The variability of a property in the 
stabilised soil is related to the scale of scrutiny and the 
correlation structure, i.e. how the property varies from one 
point to another in space. The variability related to the 
mechanical system may thus differ from the variability 
obtained from samples and testing. As for many 
geotechnical applications, the test and sample sizes may be 
small compared to the scale related to the mechanical 
system. The design values can subsequently be evaluated 
by taking the concept of failure probability and safety into 
consideration. 
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Figure 5.1 The link between the mixing process and the mechanical system. 

The variability in stabilised soil is unfortunately not well 
investigated. However, this section briefly discusses the 
concept “scale of scrutiny” and “spatial variability”, and 
discusses the link to probabilistic design. Published records 
concerning strength variability are reviewed. 

 

5.1 On the mechanical system 
Stabilised soil is complex with respect to its spatial 
strength- and deformation properties. The stabilised soil as 
natural soil is in-homogenous; the properties are anisotropic 
and non-elastic. It can generally be said that the higher the 
strength of the stabilised soil, the more brittle the material 
becomes. The mechanical system includes present failure 
mechanisms where the system behaviour depends on; the 
present type of system (e.g. series or parallel; the type of 
element (e.g. elastic-plastic, elastic-brittle) and; the type of 
loading (even distributed or determined by the 
deformations). The knowledge of the stabilised soil 
mechanical system is limited, owing to the fact that the 
strength- and deformation properties are dependent on a 
largely number of factors. The uncertainty is both due to 
insufficient understanding of the individual failure 
processes in the singular, groups or rows of columns and 
the extent of the interactions between failure processes and 
between the stabilised soil and the surrounding soil. 

According to Swedish practice, stability calculations are 
based on the assumption that the columns and surrounding 
soft soil behave as a composite material (SGF, 2000). 
Failure is assumed to occur along a slip surface through the 
columns and the surrounding soil. An averaging failure 

model, a parallel system is assumed in the full structure 
scale as well as the smaller column section scale (Fig. 5.2). 
The averaging model can be assumed, provided that the 
characteristic undrained shear strength of the stabilised soil 
is less than approximately 150 kPa. The stress-strain 
relationship is assumed to be elastic-plastic, i.e. all parts of 
the column cross-section interact at failure. 

For high strength stabilised soil and/or stabilised soil 
containing a high amount of cement, other failure models 
may be appropriate to use. Honjo (1982) applied the bundle 
model on stabilised soil. A bundle model is somewhat 
between the average model and the weakest link model 
(Fig. 5.2). Omine et al. (1998) proposed a failure model 
combining the weakest link model and the bundle model. 
The model called “a combined model” considers the 
amount of cracks in the stabilised soil and expresses the 
size effect on the strength, caused by the extent of potential 
cracks. 

In order to establish the mechanical properties of the 
governing parameters, the variation of the average values 
have a great influence on the profitability of failure. The 
mechanical system depends on the variability of the 
governing parameters. Further knowledge may be added to 
the design in order to guarantee that the variance is not over 
estimated when the behaviour may be described as a 
parallel system and a sum of elastic-plastic elements. The 
possibility to utilise variance reduction is important to 
investigate for improved soil (further discussed in section 
5.4). Since the mixing process has a significant influence on 
the average value and the variance it is motivated to discuss 
variability in deep mixing.  
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Figure 5.2 Model selection considerations, modified after Honjo (1982). 

 

5.2 The scale of scrutiny 
The quality of stabilised soil depends on the scale on which 
it is examined. The stabilised soil may appear to be 
homogeneous when viewed by eye. When observed under 
the microscope, however, it becomes apparent that the 
particles are not evenly distributed. Thus, the degree of 
homogeneity can only be determined once a suitable scale 
of scrutiny has been established. The appropriate scale of 
scrutiny itself depends on the application and the adherent 
mechanical system. 

In deep mixing where molecular diffusion (the migration of 
calcium ions) is involved as a mixing mechanism, it must 
also be remembered that mixing may continue even though 
mechanical mixing has stopped. In such a process 
mixedness improves with time (however, not necessarily 
the strength variability), and hence the time at which the 
mixture quality is assessed will influence the result. In 
practice the appropriate scale of scrutiny has to be 
estimated, however the concept is a useful one for defining 
mixture quality. Furthermore, an established scale of 
scrutiny limits the size or volume of samples to be analysed 
in order to assess the quality of a mixture. 

According to Dankwerts (1953), the scale of scrutiny can 
be defined as “the minimum size of the regions of 
segregation in the mixture that would cause it to be 
regarded as imperfectly mixed for a specified purpose”. 
Consequently, according to Dankwerts definition the scale 
of scrutiny is related to the mixture quality, e.g. the 
variability in a certain property. The scale of scrutiny is 
thereby determined by the particular application and the 
adherent mechanical system. The variability of a property 
in the improved soil of importance for the design is related 
to the scale of scrutiny and the correlation structure of the 
parameter.   

There are a number of parameters influencing the strength 
properties in stabilised soil; the characteristics of the 
binder: the characteristics of the soil; the mixing process; 
and the curing conditions (e.g. Terashi, 1997; Babasaki et 
al., 1997). Similarly, there are variabilities associated to 
each of these parameters. Furthermore, the variability 
associated to each of the parameter is connected to a certain 
scale, i.e. the parameters may influence in different scales. 
The scale may differ considerably and what seems to be a 
scatter in a certain scale may be a trend in a smaller scale. 
Consequently, it may be important to determine the 
correlation structure for each parameter related to the scale 
of scrutiny.  
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Fig. 5.3 shows an example where the stabilised soil 
variability is separated into three categories, three different 
scales. The first category, “the whole structure”, the 
strength distribution in the stabilised soil is governed by the 
soil composition, lithological heterogeneity and inherent 
spatial variability, uneven binder distribution, and different 
conditions during curing. The second category, “column 
group”, is manifested in the form of varying binder contents 
due to uneven binder distribution during the mixing 
process. This variable binder distribution is associated with 
the difficulty to achieve an even binder distribution. Soil 
properties and curing conditions are assumed not to vary. 
The variable binder distribution results in variabilities in the 
axial direction in the column but also variabilities between 
adjacent columns. The third category, “column segment”, is 

ascribed to inherent spatial variability, which is the 
variation in properties from one point to another due to the 
performance of the mixing process. The soil properties and 
the curing conditions are assumed to be constant. The 
binder distribution in the axial direction is considered to be 
constant. The mixing process is considered to have an 
influence on the strength variability in a relatively small 
scale, associated to the binder dispersion over the column 
cross-section. In practice, it is difficult to separate the three 
types of categories. When performing testing or sampling it 
is important to consider the scale of the testing and the scale 
associated with the mechanical system. However, the size 
of probes and samples are normally much smaller than the 
scale of scrutiny. In consequence, the evaluated variability 
may be related to a small scale, e.g. the column segment.

 

 

The full structure 
The strength distribution in the stabilised 
soil is governed by the soil composition 
and properties, lithological heterogeneity 
and inherent spatial variability, uneven 
binder distribution between columns, and 
different conditions during curing.  

Column group 
(in a horizontal plane) 
The strength distribution in the 
stabilised soil is governed by uneven 
binder distribution. Soil properties and 
curing conditions do not vary.  

 
Column segment 
The strength distribution over the column 
section is governed by the mixing process.  
The soil properties and the curing conditions 
do not vary. The binder distribution in axial 
direction is constant. 

Column section segment 

 

 

Figure 5.3 Strength variability in different scales: (a) full structure; (b) column group; (c) column segment 
(Larsson et al., 2005b) 
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5.3 Variability in deep mixing  
Fig. 5.4 shows results of a number of reported studies in 
which the coefficient of variation of compression test 
results was evaluated. All data are from tests on samples 
taken from in-situ stabilised soil. These results show that 
the evaluated coefficient of variation varies considerably. 
According to Suzuki (1982), Honjo (1982), Kawasaki et al. 
(1984) and Larsson et al. (2005a, 2005b) the dispersion in 
plan over column cross sections is of the same order. The 
coefficient of variation is larger for on-land work compared 
to marine work (Terashi, 2005). It is difficult to compare 
the results between different studies since the test 
conditions may differ considerably. Large values may be an 
indication of factors such as sampling techniques and soil 
variability, e.g. depth trends, rather than large inherent 
stabilised soil variability. However, based on the reported 
results it is possible to question a common belief that the 
mixing quality is better using wet mixing. It is the author’s 
opinion that this belief often is based on hearsay and visual 
observations and not actual measurements. Wet and dry 
method should be tested in parallel under equal conditions 
before any statements can be done.  

It is unusual that the number of samples of stabilised soil 
extracted in a Scandinavian project is sufficient to permit 
evaluation of the coefficient of variation in e.g. 
compression tests. However, Axelsson & Rehnman (1999) 
and Braaten et al. (1999) have presented results of a large 
number of compression tests on specimens from lime-
cement columns. The variability in strength is often high 
when the columns are installed in layered soils, which is 
common in Sweden. With column penetration tests, which 
test a large part of the cross-sectional area of a column in-
situ, large variations may also be obtained between 

different columns. Kujala et al. (1985) report standard 
deviations in the order of 15 – 60 % of the mean.  

Jelisic (1999) investigated mass-stabilised peat with a 
number of different test methods and reported a coefficient 
of variation as high as 90%. This extreme variation in 
strength is probably not related only to the strength 
variability, but also to the different methods and evaluation 
methods used, unfortunately not investigated by Jelisic 
(1999). 

 

5.4 Spatial variability 
Traditionally, deep mixing structures have been designed 
deterministically, i.e. the structure has been divided into a 
number of zones of uniform material. Each zone is 
characterised by a single set of material properties, one 
single analysis is performed and by a single factor of safety. 
The procedures for selecting nominal values of stabilised 
soil properties are not well-defined. There exists a great 
difference between different engineers, some use the mean 
value and some use a conservative value or even the lowest 
measured value. The different and highly diverged 
procedures may lead to uncertain designs. The factor of 
safety is incorporated without a reasonable consideration of 
the present mechanical system. 

Since stabilised soil exhibits relatively large variability, a 
more realistic alternative is to consider the natural 
variability of the stabilised soil properties. The only 
methodology available today that can connect physical and 
probabilistic requirements is reliability-based design (e.g. 
Kulhawy & Phoon, 2002). The uncertainties in mechanical 
properties can be quantified and the reliability can be 
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Figure 5.4 Coefficient of variation evaluated from compression tests in a number of reported studies.
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expressed in terms of probabilities of failure. Reliability-
based design requires knowledge of the present mechanical 
system, an established probable magnitude of each 
parameter and an estimate of the variability and the 
variation in space. However, reliability-based design is not 
well established for deep mixing and one reason is that it is 
not obvious how to predict and evaluate strength and 
deformation properties in stabilised soil in relation to the 
mechanical system. The probability distribution is also 
important in relation to the production quality assessment 
with reference to the strength- and deformation properties, 
since it has an influence on the extent of the control. The 
spatial correlation structures have an influence on the 
distance between the tests in order to obtain representative 
measures of properties. The spatial correlation structures 
have thus an influence on the requisite test- and sample 
sizes. 

The need of reliability-based design in deep mixing was 
emphasized as far back as the early 1980s by Honjo (1982), 
but has still not been set into practice. According to 
Kitazume (2002), reliability-based design will be 
introduced in the coming revised technical standard in 
Japan planned in 2006. The discussion has also been taken 
up by e.g. Porbaha & DeMillio (2004) who emphasised the 
importance to incorporate reliability concepts in design of 
deep mixing projects. The knowledge concerning property 
variability is limited and there is a need for additional test at 
different conditions.  

Reliability-based design (or probabilistic design) requires 
knowledge of the soil variability related to the scale of 

scrutiny in the present mechanical system. The variability 
of a soil property can be described statistically by the 
probability distribution, where the point-wise variability is 
represented by the mean value μ  and the standard 
deviation σ . These parameters vary in space. The 
description of the spatial variability requires an additional 
parameter, the scale of fluctuation θ , which estimates the 
distance within which the soil property shows relatively 
strong correlation (Fig. 5.5). The property variability by 
means of spatial correlation structures is an assessment of 
the variation of properties from one point to another in 
space. The spatial correlation structures describe the 
dependence between the properties as a function of the 
distance between the points. The scale of fluctuation θ  is 
evaluated thorough the determination of semivariograms 
and the author recommends Deutsch (2002) for the 
modelling of spatial correlation structures.  

If the mechanical system can be considered as an averaging 
process, (i.e. the average value of the investigated 
parameter is of importance for the mechanical system) the 
utilization of variance reduction has a major influence on 
the probability of failure. The average value always has a 
smaller variability than the single point variability. 
However, the average value must not be mixed up with the 
mean value in series of tests at single points.  

When there is dependence between the samples, as 
described by the spatial correlation structure, there is a 
corresponding reduction of the variance of an average over 
a length, area or volume. The variance of the mean value 

2
meanσ  over volume V can be correlated to the sample
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Figure 5.5 Illustration of variability in stabilised soil: (a) strength as a function of depth; (b) normalised strength 
as a function of depth where the trend is removed; (c) a column cross-section illustrating the zone 
around a tested point or volume where the tested property shows relatively strong correlation. 
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variance 2σ using the variance reduction factor 2
VΓ  through 

(Vanmarcke, 1977): 
222 σσ ×Γ= Vmean  (5.1) 

Vanmarcke (1977) proposed a simplified expression for a 
“standard” reduction factor )(LΓ given by 
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The variable L  is a characteristic length representing the 
size of the average length, area or volume, i.e. the scale of 
scrutiny. The above expression is valid for the one-
dimensional case. By assuming separable correlation 
structures in the two- and three-dimensional case, the 
variance reduction factor can be expressed as the product of 
its one-dimensional components.  

Fig. 5.5a shows the strength variation with depth from a 
sounding in stabilised soil. There is a large-scale trend due 
to different soils in the profile and strength increase with 
depth. The point-wise variability becomes large if the large-
scale trend is not removed in an analysis of the soil 
variability. Besides measurement errors, this may be a 
possible reason for the large variabilities reported in 
stabilised soils according to Fig. 5.4. Fig. 5.5b shows the 
same sounding result and the scale of fluctuation Vθ in the 
vertical direction when the large-scale trend has been 
removed.  

Results of about ten analyses at two sites presented by 
Honjo (1982) showed that the vertical correlation distance 
is about 0.4 to 4.0 m in cement stabilised soil. Porbaha et 
al. (1999) analysed the vertical correlation distances at two 
sites by six analyses of the results from CPT tests. The 
correlation distances are 0.23m and 0.62m for the two sites. 
Futaki et al. (1996) show the results of two analyses and 
concluded that the vertical correlation distances were 0.8 
and 0.1 m respectively. None of the studies considered 
large-scale trends in the analyses. 

Nilsson (2005) shows results of a large number of evaluated 
correlation structures in lime-cement columns. The vertical 
correlation structures by means of autocorrelation functions 
were performed with respect to column penetration tests. 
The scale of fluctuation is in the range 0.12 to 0.63 m when 
the scale trends (due to soil stratifications and strengths 
increase with depth) were removed in the analyses.  Similar 
results have been reported by Hedman & Kuokkanen, 
(2004). 

Navin & Filz (2005) have studied the horizontal correlation 
structures by means of autocorrelation functions between 
different columns at the I-95/Route 1 project in the USA. 
Data of compression tests on core samples from 206 
columns were included in the analyses, which make the 
study unique. Analyses were performed on columns 
installed by wet and dry methods, respectively.  The 
analyses from wet method indicate that the correlation 
distance is about 12m. However, the analyses from dry 

method did not reveal a spatial correlation, i.e. the 
horizontal correlation distance is less then the distance 
between two columns.  

A large number of analyses of lime-cement column cross-
sections indicate that the horizontal correlation structure is 
geometrically anisotropic around an axis of symmetry 
caused by the rotating mixing device (Larsson et al., 
2005b). The scale of fluctuation differs in the radial and 
orthogonal directions as illustrated in Fig. 5.5c. The scale of 
fluctuation in the radial direction θR is in the range 0-110 
mm and the scale of fluctuation in the orthogonal direction 
θO is in the range 0-300 mm. A consequence of the 
relatively small values of the scale of fluctuation is that 
small samples only represent the stabilised soil in a narrow 
volume around the sample and not a major part of the 
column cross-section. In order to assess an average value 
from e.g. small 50 mm diameter samples, a number of 
samples must be taken from different parts of the column 
cross-section.  

The uncertainty in the evaluation of the average value is 
probably decisive for the total uncertainty since the part, 
which is governed by the spatial correlation structure, is 
significantly decreased by the variance reduction (Olsson, 
1986). Small zones of low strengths may thus have little 
influence on the average strength. The variability obtained 
from small samples may thus overestimate the variability 
related to the mechanical system. As pointed out by Druss 
& Young (2005), the occurrence of measured data, which 
fell below the minimum strength requirement, may give the 
client an unrealistic negative assessment of quality of the 
improved soil. If the mechanical system can be considered 
as an averaging process, tests should be performed in a 
relatively large scale. If the scale of scrutiny corresponds to 
a column cross-section, the test size should not be much 
smaller. Sampling for the determination of the binder 
content must be done in a sufficiently large scale, 
preferable the same size as the scale of scrutiny. Sampling 
by auger boring or core drilling may be unsuitable due to 
the small scale and the uncertainty of knowing the position 
of the sampler device.  

Further investigations should be performed on the 
correlation structures between spatial averages of the 
stabilised soil properties in column groups, i.e. assessing 
the correlation structure for column groups. It is of interest 
to study the volumetric correlation between the average 
strength- and deformation properties within different 
columns, separated by the column spacing. The correlation 
structures between spatial averages affect the testing 
frequency. The spatial averages should be determined by 
test methods where a relatively large part of the column 
cross-section is tested. Based on the probe size, the column 
penetrometer test is the most suitable test method today for 
this purpose. A method for the assessment of the correlation 
structure between spatial averages is presented by 
Vanmarcke (1977). The correlation structures for stabilised 
soil properties in the full scale will facilitate the 
determination of a proper selection of partial factors. 

Volume 2

774 Deep Mixing´05



 

6 FUTURE NEEDS IN RESEARCH AND 
DEVELOPMENT 

This report is intended to form a basis for the discussion on 
future needs in research and development concerning 
execution and quality control, according to Session 6 at the 
conference. However, the research needs concerning 
execution and quality control are not independent of the 
research needs concerning stabilised soil properties and 
design. It is the author’s opinion that increased knowledge 
concerning the stabilised soil mechanical system related to 
stabilised soil properties is by far the most important 
research area (including increased knowledge concerning 
stabilised soil properties). However, a number of future 
needs in research and development related to execution and 
quality control are listed below. 

 Increased knowledge concerning stabilised soil 
variability, i.e. consideration of the nature, 
measurement and statistical characterisation of 
stabilised soil variability. Furthermore, investigate 
how probabilistic and stochastic methods of 
analyses may be used to assess the effects of 
stabilised soil variability and, via increased 
understanding, the influence on design and 
construction. 

 A modulated discussion concerning the concept 
“Sufficient mixing quality”, including a clear 
definition of the concept quality.  

 Development of test methods testing a large part of 
the column cross-sections. Most of the methods 
used today test a too small volume related to the 
most common mechanical systems.  

 Development of simple test methods for the 
evaluation of deformation properties.  

There are other areas of future needs in research and 
development connected to execution and quality control. 
However, it is the author’s opinion that most of these areas 
are of minor importance in a comparison with the above 
listed areas.  

 

7 CONCLUDING REMARKS 
The Grouting and Deep Mixing conference IS-Tokys´96 
(Yonekura et al., 1996) provided the first extensive world-
wide compilation of deep mixing techniques. The 
development of deep mixing methods exploded in Japan 
during the 1980s and 1990s. The Japanese have developed 
a deep mixing toolbox for a wide range of applications. In 
the Scandinavian countries, the volume of deep mixing 
projects increased rapidly from the end of the 1980s in 
connection to large infrastructure projects. During the 
1990s, the use of deep mixing methods increased in Europe 
and in United States. In spite of extensive experiences and a 
large number of published conference papers there ware a 
lack of papers presented in scientific Journals concerning 
deep mixing. The period from 1999 at the time for the SD-
conference in Stockholm to 2005 may be characterised as a 

period where deep mixing methods have consolidated and 
matured. Deep mixing has been accepted world vide. 

There are a large number of test methods used for the 
quality assessment of stabilised soil. The reasons are the 
great differences in strength and deformation properties. 
According to Porbaha (2002), “The most commonly citied 
barrier to the use of deep mixing (DM) technology is 
practitioners´ lack of confidence in their ability to assess the 
quality of the finished DM product”. Unfortunately, this 
condition is still prevailing. There exists a large amount of 
papers on quality control methods and case studies. 
However, there are some disagreements on conclusions of 
tests reported and very few studies are published in 
scientific journals. Rathmayer (1997) stated in a regional 
report at IS-Tokyo´96 that “the only reliable test method 
today is total sampling, managed by lifting up op the entire 
column”. Unfortunately, this statement is still prevailing. 
There is still a lack of simple reliable methods. 
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ABSTRACT: Soilmixing methods are developing rapidly in Europe.  Three new techniques are identified: Modified Dry 
Soilmixing, Cutter Soilmixing, and Trenchmix®.  They all extend the operating envelope of suitable soils and are capable of 
producing high quality soilmix from low to medium strength.  Better quality results from the controlled addition of water to 
increase liquidity.  Examples and discussion are used to illustrate the importance of understanding the properties that affect 
liquidity and how the processes are controlled practically in operation. 
 
 
1 INTRODUCTION 
In Europe the field of deep soilmixing is undergoing more 
rapid development at present, than at almost any time since 
its inception. Until now, the method divided relatively 
straightforwardly between the two processes: “wet” and 
“dry”, fundamentally sharing the basic mixing principle of 
vertical translation of (a) rotating mixing tool(s) about a 
vertical axis to blend a hydraulic binder introduced as dry 
powder or liquid grout form with the host soil.   
 Application in a number of distinctive soil conditions 
has led to the development of many relatively minor 
variations on this theme: multiple mixing shafts, helical and 
varied geometry tools and the extension of binder type from 
lime, to cement, slag and other hydraulic pozzolans. 
However each of the variants has been limited to a 
restricted envelope of soil conditions in which it could 
effectively operate. 
 Recently a number of new and hybrid processes have 
been introduced, each of which is capable of operating in a 
far broader envelope of soils and soil conditions and which 
will radically expand the fields of application and alter the 
relative cost economics of a wide range of geotechnical 
products and ground improvement / modification processes.   
These methods hybridise the existing wet and dry methods, 
and / or incorporate mechanical mixing means dependant 
on motion other than axial rotation.  This paper 
concentrates on three of these developments with which the 
author has been associated: Modified Dry Soilmixing 
(MDM), Cutter Soilmixing (CSM) and Trenchmix® (TM). 
 
 
2 THE METHODS  
 
2.1 MDM  
The MDM method has been developed and licensed by 
LCTechnology and Hercules Grundlaggning.  It is an  

 
 
adaption of the conventional Swedish dry mixing method 
and employs separate conduits in a special Kelly bar to 
deliver water, as well as dry binder powder, to two sets of  
ports in the mixing tool.  Computerised control of water and 
binder delivered in relation to the speed of rotation and 
penetration / withdrawal – ie. as a function of mixing 
energy permits control of the soil liquidity.  Mixing 
efficiency is increased so that high quality columns can be 
reliably formed to strictly observed designed parameters.   
 
2.2 CSM 
The CSM soilmixing equipment was jointly developed by 
Bauer and Bachy Soletanche (BSL) and is based in 
principle on the cutter technologies used in diaphragm wall 
construction.  The method employs a Kelly mounted cutter 
head fitted with horizontally mounted toothed wheels. 
Figure 1 shows the construction principle: penetration with 
outward rotation of the drums whilst injecting with a 
“drilling in” fluid, followed by reversal of the drum 
rotations and withdrawal with continued injection 
employing a binder suspension.  
 
2.3 Trenchmix® 
The TM method is currently under development by BSL.  
In certain limited conditions (wet granular soils and 
undemanding performance criteria), or for temporary 
applications, it may also be executed dry.  For optimum 
quality and for construction in more varied and cohesive 
soil conditions, the wet method is most applicable.  A 
toothed “chainsaw” style blade is mounted on an arm fitted 
to a large tracked base machine.  Grout lines deliver binder 
suspension to exit ports along the “chainsaw” arm.  The 
arm buries itself, cutting into the soil with a reverse 
direction motion until it has swung into the vertical 
position. Grout flow is then commenced and the chain  
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Figure 1: CSM construction sequence 
 
direction is reversed and then drawn through the soil at a 
constant rate.  A PC controlled system regulates and 
records: Rate of horizontal translation, drive sprocket 
rotation speed (proportional to chain speed), grout flowrate 
and total volume of grout delivered per m of trench.  
Flowrate is automatically controlled to keep the grout 
addition rate constant.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: TSM method, insertion and in operation 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 ADVANTAGES 
Apart from being capable of being applied to a far broader 
spectrum of soil conditions, the soilmix produced by these 
methods has a far greater degree of homogeneity, 
uniformity and strength than was previously attainable 
except in very limited circumstances and ranges of ground 
conditions. The resulting material can therefore be 
employed either structurally or as a ground improvement. 
Thus a full range of potential applications are now possible 
with each technique, from structural: retaining walls, 
individual structural load bearing elements (either column 
or barrette); to Ground improvement for: Bearing capacity, 
increased overall soil modulus / shear strength, improved 
consolidation characteristics; to Environmental for: 
stabilisation / solidification of contaminated soil or waste, 
or provision of groundwater / leachate cutoff barrier 
 Overall, considerably increased overall cost efficiency 
should be available once the methods become well 
established The main benefits that drive this improved cost 
efficiency being: 

• Increased uniformity and strength which enables 
less conservative design to be employed 

• Increased productivity compared to other methods 
providing equivalent in-soil performance 

• Reduced spoil generation compared to 
conventional bored / replacement methods 

 
  
4 DIFFERENCES IN THE MIXING PROCESSES 
 
4.1 Mixing Energy 
Figure 3 illustrates schematically the distribution of mixing 
energy for each of the processes at any moment in the 
construction cycle.  It can be seen that in MDM the mixing 
energy is distributed only over the height of the tool.  This 
is similar to the situation in traditional soilmixing 
processes.  In CSM the mixing energy is no longer confined 
to a narrow horizontal band, but due to the large vertical 
displacements in the sheared soil elements, is distributed 
over a considerable vertical distance.  In TSM the mixing 
energy is distributed uniformly over the entire depth of the 
element under construction and in this case it is the rate of  
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Figure 3: Illustration of the relative distributions of mixing 
 
horizontal translation that dictates the total mixing energy 
imparted per unit of soil mixed.   
 A second difference is that, in plan, the distribution of 
mixing energy across the section being mixed is far more 
uniform.  For the rectangular cross section elements 
produced by the CSM and TSM processes it is 
approximately linear across the entire section. For the 
circular MDM element section,, despite the rate of 
horizontal shear increasing with radius, as with all uniaxial 
blade rotation based methods, the fluidised state of the soil 
results in a far better redistribution of energy along the 
mixing blade (Figure 4).   
 In passing, it is also worth mentioning that for MDM 
this aspect of mixing efficiency is still largely unresearched. 
Gains in mixing efficiency could be achieved by making 
the mixing tool expend more mixing energy closer to the 
centre of the tool either by varying blade profile, or more 
simply by introducing additional short blades or spurs that 
extend only a short way across the column radius. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Variation in mixing energy (in plan) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
energy during construction (vertical) 

 
(Nakanishi, 2002) defined a “blade rotation number” as an 
index relating to degree or intensity of mixing thus:    
  
 
 T = ΣM x (Nd/Vd) + (Nu/Vu)                          Eqn. (1) 
      where: 
 T    :  Blade rotation number (no./m) 
 ΣM:  Total Number of mixing blades 

Nd   :  Blade axial penetration rotation speed (rpm)            
 Vd  :  Blade axial penetration velocity (m/min) 
 Nu  :  Blade axial withdrawal rotation speed (rpm) 

 Vu   :  Blade axial withdrawal velocity (m/min) 
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d 
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 In Europe a modified expression is frequently used, 
simply quoting the vertical translation per revolution, 
which, if rate of axial rotation is kept constant is suitable as 
a comparison index for similar tools (ΣM being constant).   
Thus for typical dry soilmixing processes a figure of 10 – 
30 mm / rev is considered appropriate for rotation speeds of 
150 – 200 rpm.  It can, however, be appreciated 
qualitatively that the degree of mixing imparted by all the 
new methods is substantially greater than for previous 
techniques, not only because the amount and rate of shear 
per unit volume of soil treated is greater ,but also because 
the state of the soil at the moment of mixing with binder is 
far more fluid.  Recent research reported by (Holm, 2003) 
suggests that the magnitude of the increase in strength Seff 
(strength of mixed soil divided by strength of natural soil) 
and the coefficient of variation, are proportional to the 
blade rotation number multiplied by the ratio wnat/wL .This 
provides confirmatory evidence that increasing the degree 
of liquidity of the soil being mixed intrinsically increases 
both the strength and the uniformity of the mixed soil  
 From the above discussions it can also be appreciated 
that CSM and TSM require a different approach to the 
control and regulation of total mixing energy, there being 
no blade number M. As yet no formalised procedure has 
been derived, but initially and for comparative purposes 
between trials of similar equipment, rate of vertical 
translation (horizontal in the case of TSM) and measures of 
mixing work: drive load, speed of cutter wheel rotation 
(CSM), or chain speed (TM) have been used.  Clearly, at 
some future point, comparison studies between traditional 
“dry” and “wet” methods and the new techniques will lead 
to more quantifiable measures of mixing work. 
 
4.2 Significance of soil consistency 
As explained above, the mixing actions are more complex 
than other methods.  This requires both a detailed 
consideration of the existing soil conditions and a greater 
level of real time process control than has been previously 
necessary.  
 All the new methods rely upon wetting up the soil 
formations encountered within the depth range to be treated 
and fluidising them sufficiently for the mixing action to be 
much more effective at homogenising the resulting mix. 
This strategy bypasses the problem of determining 
appropriate mixing energies for individual strata and 
successively varying the construction parameters when 
passing through successions of different soils. It is, 
effectively, a means to reduce the specific mixing energy 
requirement of any given soil type to an approximately 
uniform value. 
 Achieving the correct amount of fluidisation is 
absolutely critical to the correct functioning of each of the 
new methods.   
 In addition to the normally determined shear strength / 
relative density or CPT profile moisture content, 
consistency limits, grading and clay constituent mineralogy 
become essential site investigation information necessary 
for complete soil characterisation.  Information on these 
factors allows an understanding of the moisture content / 

consistency relationship and assessment of the effect that 
binder chemical reaction has upon the fluid shear strength, 
so that appropriate process parameters can be selected. 
 Field trials and practical experiences with the new 
methods have indicated that the ideal consistency for 
optimum mixing lies slightly beyond the Liquid limit.  
Whilst it is relatively easy to determine the Liquid limit 
moisture content, investigation of the behaviour of such a 
viscous fluid is rather difficult because it is on the “wet” 
side of appropriate geotechnical tests (eg Atterberg Limits) 
which are designed primarily for describing the behaviour 
of plastic solids and to the “dry” side of appropriate drill 
fluid tests primarily designed for moderate viscosity 
colloidal suspensions (eg API Apparent viscosity and Gel 
strength).  This problem is particularly apparent in 
assessing the highly significant changes in viscosity or 
consistency that can occur as a result of reactions between 
binders and some specific clay minerals  
 The development of simple testing apparatus to allow 
detailed investigation of the rheology of high viscosity fluid 
mixes of clay soil, binder and water will be essential in 
perfecting process control in the new methods.  Ideally 
relationships will, in time, be established between measured 
resistance to mixing and the “just mixed” consistency / 
viscosity for specific tools and rates of work.  This would in 
turn allow the process controlling computers to 
automatically make on-board adjustment of the water and 
binder addition or the grout W/C ratio, so that optimum mix 
consistency is always maintained. 
 

 
5 DISCUSSION & EXAMPLES  
 
5.1 Effects of soil type 
The origin and therefore clay mineralogy of cohesive soils, 
can lead to very different mixing requirements.  Table 1 
below considers, as an example, two typical (UK) clay 
soils. The first, an alluvial clay is of low activity, 
comprising mainly colloid sized silica grains, the other, a 
weathered highly overconsolidated marine clay comprises 
primarily Illite and Montmorillonite clay minerals. As 
sampled, both were at natural moisture contents that gave 
them a firm-stiff consistency.  Table 2 shows the volume of 
water calculated to wet up the soil from it’s natural state to 
it’s Liquid Limit (ie reducing the unremoulded shear 
strength to around 1 -2 kPa).  The table also compares the 
mass of binder that would be required to be mixed  with 
each of the two clays to produce a final soilmix Water 
/Cement ratio of 2 and 3 (typical values to achieve 
moderate “structural application” type strengths). 
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Table 1: Natural Moisture Content and Consistency 
Limits of 2 typical UK clay soils 
 

  Alluvial 
Clay Lias Clay 

Plastic  Limit (%) 11 25 

Liquid Limit (%) 25 80 

Plasticity Index (%) 14 55 

Nat. Moisture 
content (%) 14 35 

Liquidity Index  0.21 0.18 

 
Table 2: Natural Moisture Content and Consistency 
Limits of 2 typical UK clay soils 
 

Water 
addn Binder Spoil 

Soil Type W/C 
Ratio 

l/m3  kg % by 
mass l/m3 

2 216 244 9.1 295 Alluvial 
Clay 3 216 162 6.3 269 

2 620 550 18.2 797 
Lias Clay 

3 620 367 12.9 738 

 
The comparison clearly shows the impact not only in terms 
of the necessary water addition (which is much greater for 
the highly active Lias clay), but also the need to greatly 
increase the binder addition because of the greater water 
requirement.  A consequential effect is the substantial 
increase in the amount of spoil generation - from around 
30% to 75 – 80%.   
 It is noteworthy that for the new mixing methods, clay 
activity as reflected by Plasticity Index and not natural 
moisture content / shear strength may well determine the 
technical and economic limits to application. 
 
5.2 Development Testing 
Findings from the laboratory and field trials undertaken by 
BSL during CSM and Trenchmix development further 
illustrate the key importance of the management of the soil 
consistency during process operation.  
 As part of the CSM development, scale model trials 
were undertaken in the Laboratory to investigate broad 
parametric sensitivities, operating sequences and to predict 
full scale field trial construction parameters (Fig 5). 
 The scale trials undertaken in uniform, fine, low 
relative density sands, concluded that optimum penetration 
performance depends on sufficient flowrate of the drilling 
phase (penetration / mixing) fluid more so than the digging 
capacity of the cutter wheels, such is their ability to 
penetrate, disaggregate and suspend the soil solids.  
Enhancing the “carrying” capacity of the fluid by 

employing a thixotropic bentonite suspension improved 
performance and prevented sedimentation of the suspended 
solids above the cutter, which otherwise restricted the free 
circulation of the fluidised soil and consequently inhibited 
penetration and full disaggregation 
 The full scale trials conducted in “real” soils showed 
that finely controlling the fluidised soil rheology is also the 
key to optimum performance.  Like the laboratory studies, 
the first field trial was also conducted in primarily fine 
granular soils, however, the presence of a clay layer also 
provided a natural viscosity enhancing agent. In these more 
“typical” conditions it was found that more active control of 
both viscosity and bleed was necessary, if performance was 
not to be impaired by: excessive settlement of fluid at the 
back of the cutter head, or by uncontrolled viscosity 
increases due to filtration and bleed.  Additional rheology 
modifying and controlling agents were therefore added to 
the drilling in fluid. The resulting improvement reduced 
torque load to such an extent that a 60 % increase in cutter 
wheel rotation speed was possible, increasing penetration 
speed by the same amount whilst continuing to maintain the 
mixing efficiency at the same level. 
 The extraction (withdrawal) phase is executed by 
reversing cutter rotation direction and introducing the 
binder with a secondary fluid.  Where maximum possible 
strength of the treated soil is sought, the withdrawal phase 
fluid is pumped at the maximum practicable pumpable 
concentration, corresponding to a W/C ratio of 0.5.     
   Ultimately this constraint imposes the upperbound 
limit on the overall binder content of the mix and so far this 
has been found to limit maximum attainable UCS to 
approx. 6 – 8 MPa at 28 days.  Higher W/C ratios yield 
lower strength soilmix with properties suitable for cutoff  
and ground improvement type application, however in these 
types of mixes the “thinning” effect of employing a dilute 
grout requires that even the withdrawal phase fluid is 
treated with viscosifiers and anti bleed additives.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: 1/8 scale trial tank and cutter model 
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 Limiting fluidised soil suspension density is 
approximately 1.9 - 2.0 kg/l for the downward phase of 
construction, with dilution by the less dense grout during 
the withdrawal phase reducing fluid soilmix density to 
around 1.8 kg/l 
 Trenchmix® is still at an early stage of development, 
with initial field trials having being carried out in France 
and a small contract undertaken in the UK to form a cutoff 
wall.  More extensive trials and a substantial contract in 
France are planned.  Nevertheless a number of observations 
can already be made that demonstrate the potential of this 
method: 

• For equal mixing input energy and final W/C ratio, 
higher strength resulted from greater addition of 
water.  Thus, other factors being equal, the greater 
the fluidity of the mix, the more efficient the 
mixing and the greater the resulting strength. In 
the case of Trenchmix® a popular future 
application is likely to be the construction of cutoff 
walls. So far, lowest permeability has proved to 
correlate with highest strength which at around 2 
x10-9 m/s is not quite as low as can be achieved 
with the best conventional slurry walling 
technique. However it is a promising start, as only 
a single binder type has been trialed so far.  

• Maximum strength achieved so far has been 1.5 
MPa, however maximisation of strength has not 
been the primary objective and the quantities of 
binder / grout addition have not been close to the 
limit of workability.  Achieving considerably 
higher strengths whilst maintaining a high degree 
of uniformity would still appear possible  

• Because high chain speeds can be employed –      
> 6 m/s in suitable soil - the volume of soil mixed 
per unit time is considerable.  Successful mixing 
was achieved at outputs in excess of 3 m3/min, a 
higher production rate than is possible with any 
other method employing a single mixing tool.  
However, also due to the high chain speed, wear 
can be extremely high and significant future work 
is required on improving the abrasion resistance of 
teeth and developing lower wear teeth geometries. 

 
5.3 Case Example – Potential Pitfalls 
An example of the degree of sensitivity of the new methods 
to changes in soil consistency and the type of problem that 
may occur if information is incomplete or misjudged is 
illustrated by a site near Northampton in the UK that was 
recently undertaken by BSL and Hercules Grundlaggning.  
 The works, constructed using the MDM method, 
comprised secanting panels of columns installed into the 
shoulders of and beneath an existing railway embankment 
which had been experiencing severe track maintenance 
problems as a result of slope movements.  Each row 
comprised 6 x 800 mm dia. columns constructed at 700 mm 
c/c spacings. The resulting 1.40 m to 1.75 m spaced walls 
were designed to increase slope FOS and reduce horizontal 
and lateral deformations by globally increasing the average 
soil modulus and shear strength.  The soils comprised a dry 

mixed ash and clay embankment fill varying in thickness to 
around 3 m, over soft alluvial deposits (clay, silt with sand 
and gravel in places) up to 1.5 m thick, over Lias clay, a 
very highly overconsolidated marine clay mudstone, of firm 
consistency at the weathered surface and rapidly becoming 
stiff and very stiff. Columns were 5 – 6 m long, with toe 
levels up to 2.5 m into the stiff clay. 
 Upon completion, testing of the columns by CPT and 
Shear vane revealed that while highly successful at lower 
depth, (achieving shear strengths considerably in excess of 
the 150 kPa (28 day) design requirement), near the surface 
the columns were “plugged” with a very soft mixed clay – 
notably softer than the surrounding soil.  Investigations and 
excavation / inspection revealed that the plug material had 
been mixed /softened with water on the downward stroke 
cycle, but had failed to mix properly on the upward (cement 
injection phase), with virtually no trace of cement binder 
present.  This phenomenon appeared to occur with greatest 
regularity on the first (A) column of the row and can be 
seen clearly in Figure 6 below.   
 Detailed examination of the records failed to provide 
an explanation as all parameters were as designed.  
However, a re-consideration of the soil type and physio-
chemical behaviour together with field observations made 
during construction and of exposed columns, led to the 
following conclusion: 
The clay fill and alluvial clays were of low to moderate 
plasticity, whilst the Lias clay was of very high plasticity.  
Prior to commencement it was realised that high rates of 
water addition would be necessary to achieve the necessary 
liquidity for successful blending and softening during the 
penetration phase. That this was successfully achieved by 
the chosen construction parameters was evidenced by rates 
of rotation / penetration being as designed.  However upon 
withdrawal, the impact of the stiffening effect 
accompanying the addition of the cement was 
underestimated, possibly because of an unexpectedly active 
clay mineralogy. This stiffening proved critical and was 
occasionally sufficient to form a plug that adhered to the 
mixing shaft and “rode” up with the mixing shaft as it was 
withdrawn and was partly supported by the air pressure 
developed as the cement was blown into the developing 
void.  A “piston” action thus developed that forced a plug 
of softened material up the column ahead of the retracting 
tool, so that it never received the binder dosage or 
additional mixing as designed on the upstroke (Figure 7).  
This phenomenon was at it’s most aggressive on the first 
column in any row as the air had least chance of escape 
from behind the seal of the stiff plug.  On subsequent 
columns it could always escape sideways through the 
weaker material of the previously completed adjacent 
column.  Close examination of CPT and shear vane testing 
results also indicated that in plugged columns peak strength 
frequently occurred immediately below the plug – exactly 
where the postulated mechanism would predict that 
overdosing of binder would occur.   
 Fortunately for the project the occurrence was limited 
both in extent and the depth of plug formed, so that 
remediation could comprise the simple expedient of 
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excavation and replacement of defective column material 
with leanmix concrete.  Nonetheless the occurrence 
underlines the absolutely critical importance of detailed 
consideration of the consistency state of the soil during 
every phase of the mixing process and the significance of 
chemical reaction in this consideration as well as moisture 
content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Comparison of Soil and Column shear strength 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Schematic illustration of plug formation  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- Column 10a 
 

6 QUALITY AND PERFORMANCE  
 
In ground improvement applications the overall design is 
generally expressed, in terms of design requirement, as one 
(or sometimes several) specified treated soil conformance  
properties (shear strength, modulus etc). Until now this has 
proved a substantial barrier to the proliferation of the use of 
soilmixing in complex or variable ground conditions 
because high variability in test results has led to confusion 
and conflict in assessing whether the works conform to the 
design requirement.  This has been so even when the 
overall design purpose and requirement (settlement 
reduction, slope stabilisation etc) has been clearly achieved.  
 Recently, to try and circumvent these problems, much 
work has been done on introducing the idea of  employing 
sophisticated statistical approaches to the interpretation of 
mechanical type test results, or alternatively exploring the 
applicability of a number of geophysical methods which 
naturally integrate spatial variability and thus measure 
overall or “mass” behaviour, (Porbaha, 2002).  Nonetheless 
the problem remains because clients and Engineers are 
asked to accept complex procedures or tests that they do not 
fully understand or are not familiar with. 
 A benefit of the new methods should be that the 
greater uniformity of the low strength soilmix “product” in 
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ground improvement type applications should significantly 
reduce these problems. 
 At the same time, the application of “structural” 
strength type soilmix as a substitute for concrete, or other 
construction materials, in structural applications such as 
retaining walls, will generate similar problems to those 
previously experienced in Ground Improvement 
applications.   
 Concrete is, these days, a highly engineered material 
produced to fine tolerances and even the best soilmix will 
not be able to match the very low levels of variance 
obtained with that material.  A sea – change in expectations 
will be required together with considerable physical 
demonstration that adequate structural performance can still 
be achieved even with a material exhibiting considerably 
higher variance in properties.  The key to this will be a 
combination of two processes: 

• Field based case studies with detailed analysis of 
structural performance in relation to thoroughly 
determined (ie. statististically valid) strength 
variance. 

• Computer based modelling investigations into the 
behaviour of high but variable strength materials 
under simplified loading conditions. 

At present, the physical development of the technology has, 
in a sense “run ahead” of the design understanding.  It will 
be up to the soilmixing community to ensure that this 
balance is redressed, so that the full benefits of the new 
methods can be exploited. 
 
 
7 CONCLUSIONS – THE FUTURE 
 

• The newly emerging mixing technologies MDM, 
CSM and TSM are capable of producing far more 
uniform and homogenous soilmix of greater 
strength than has been previously possible in 
nearly all types of / or complex layered soils 

• This advantageous development increases the 
range of uses to include structural as well as 
ground improvement applications that are cost 
competitive with equivalent dig and replace 
techniques. 

• The methods are heavily reliant on sophisticated 
process control technology which requires a 
detailed understanding and consideration of the 
consistency state of the soil during mixing and the 
impact upon soilmix consistency of the addition of 
water, dry binder or liquid grout.  

• Further Research is needed to improve the 
understanding / prediction and description of 
physical and chemical interactions between water, 
binder and soil in terms of consistency.  Existing 
tests may be adequate for defining soil consistency 
before mixing and rheology of the added fluids, 
but could be improved.  There are no adequate 
tests to satisfactorily measure and describe the 
behaviour of the soilmix in its’ fluidised state 
during process execution.    

• Existing means of defining mixing energy are less 
appropriate to the new technologies.  Appropriate 
indexes for mixing energy need to be developed 
and case studies written up so that databases of 
comparable information can be established. 
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ABSTRACT: A major barrier to implement deep mixing technology is lack of engineering guides for feasibility study, 
preliminary evaluation, simplified analytical models, design tools, and procedures for quality assessment and monitoring 
(Porbaha and Roblee 2001). The objective of this paper is to present several initiatives developed by the US National Deep 
Mixing (NDM) research program. These initiatives include: reviewing 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.  
 
1  INTRODUCTION 
Construction of infrastructure systems on soft ground poses 
a challenge to the design engineers in addressing the 
settlement and stability issues. For this reason a wide range 
of technologies has been developed to overcome difficulties 
with construction on soft ground. One technology is deep 
mixing, in which a cementitious binder is blended in situ 
with the soil using specially designed rigs equipped with 
cutting tools, mixing paddles and augers attached to a 
single or multiple shafts. The single or overlapped columns 
produced in this process results in treated soil with higher 
strength, lower compressibility, and reduced permeability 
compared to the untreated soil. 

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. Major funding for the NDM 
program is provided by ten State Department of 
Transportations (DOT’s). Caltrans and Florida DOT are the 
main contributors to the NDM program. Federal Highway 
Administration (FHWA) provides administrative support 
through Transportation Pooled Fund mechanism. 

The objective of this paper is to present several 
initiatives developed by the US National Deep Mixing 
(NDM) research program. These initiatives include: 
reviewing 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.  A list of some of the projects 
is 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 

 
In addition, the NDM research program has 

initiated collaborative efforts with the international 
community involved with deep mixing, including Swedish 
Geotechnical Institute (SGI) 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 to increase public awareness and user’s 
confidence (Porbaha et al. 2005). Several related events (in 
addition to several short courses) are as follows: 

 
• Deep mixing workshop on “Challenges for 

implementation of deep mixing technology”, 
(Porbaha & Roblee, 2001) Oakland, California, 
2001.  

• Workshop on “Deep mixing for embankment 
support”, Transportation Research Board (TRB), 
Washington DC, 2004.  

• Deep mixing 04 Symposium, Geo-Trans, Los 
Angeles, 2004.  

• Workshop on “Innovative technologies to 
accelerate construction”; Transportation Research 
Board (TRB), Washington DC, 2005. 

 
In addition to the NDM program, pilot laboratory 

and field tests on deep mixing are also in progress in 
Virginia (Professor G. Filz  with Virginia Tech) and in 
Texas (Professor A. Puppala with University of Texas at 
Arlington).   

 
 

2   SIMPLIFIED SEISMIC RESPONSE EVALUATION  
Deep Mixing (DM) is an on-site remediation technique that 
can improve quality of the treated soil. The soil 
response/performance parameters that are important in 
seismic regions are improved resistance to liquefaction and 
settlement.  These performance parameters have to be 
evaluated for improved and unimproved soil masses to 
ascertain the effectiveness of the improvement.  Simplified 
techniques to evaluate the extent of liquefaction, residual 
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porewater pressure and settlement at level ground or gently 
sloping sites (untreated soil mass) have been recently 
reformulated (Youd et al, 2001).  Predecessors of this 
technique have been routinely used by geotechnical 
engineers with great success to study site response.  
Procedures similar to these are needed to evaluate the 
effectiveness of DM methodology.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Typical cellular configurations used to 
confine liquefied soil (a) rectangular (b) hexagonal 

 
The DM treatment generally involves a rectangular 

grid (or lattice) pattern and the design dimensions such as 
spacing in x and y directions (dx and dy), thickness (t) of 
treatment and depth of treatment (D) need to be specified to 
achieve a desired level of improvement.  These design 
dimensions are often controlled by site-specific issues 
(design level of excitation, existing untreated soil layering 
and properties, equipment to be used with DM, thickness of 
liquefiable layer, areal extent of treatment, etc. 

The objective is to develop a simplified, but 
realistic tool to aid the designers in the selection DM 
treatment plan when designing the dimensions.  The 
“optimum DM plan” of treatment will depend on the level 
of improvement needed.  By comparing the treated and 
untreated soil masses in terms of seismic performance 
parameters such as the extent of liquefaction, residual 
porewater pressure and settlement, it is possible to converge 
to a specific  optimum plan that is satisfactory.    

Using the most recent liquefaction analysis for 
level ground (1-D soil column), the existing liquefaction 
hazard (untreated soil) will be evaluated.  This step requires 
the soil layer thicknesses, SPT N1 values of layers, fines 
contents in soil layers, design earthquake magnitude, and 
maximum surface acceleration.  Many charts and plots that 
are a part of the current procedures have to be incorporated 
into a computer program to evaluate the site performance in 
terms of extent of liquefaction, residual porewater pressure 
and settlement. 

Estimation of properties of treated soil can be 
accomplished in terms of properties such as increased in-
situ test values, laboratory strength measurements and 
increased shear wave velocity.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Typical configuration of deep mixing for 
liquefaction mitigation 

 
One of the important factors that affect the 

effectiveness of DM treatment is the design dimensions (i.e. 
treatment configuration). A series of treatment 
configurations (lattice type) will be selected and the impact 
and sensitivity of  the design dimensions (dx, dy, t and D) on 
the seismic porewater pressure response of the soil 
contained within the DM cells will be quantified using the 
two-dimensional effective stress program TARA.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Computed porewater pressure ratios along 
three vertical sections for an earthquake with a 
magnitude of  M = 6.5. 

 
This investigation will provide needed information 

on the effectiveness of the DM treatment.  It is expected 
that this exercise will answer questions such as the limit to 
the DM spacing and role of thickness of DM treated soil, 
etc.  Typical field cases, soil profiles and properties will be 
used.  A close scrutiny of the 2-D analytical study with 
TARA can also validate the assumptions to be made in the 
proposed “equivalent” 1-D column analysis.  For example, 
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the issues such the influence of the stiffness of DM soil on 
the surface acceleration response, strain compatibility at 
locations adjacent to treated and untreated soil etc. can be 
answered in such an investigation.  Moreover, this also can 
provide a more fundamental understanding of the DM soil 
response and can help in the development the “equivalent” 
1-D column calibration factors in a more realistic manner. 

A simple shear beam analogy will be explored to 
arrive at an “equivalent” 1-D soil column for the DM soil 
mass so that level ground analysis can be undertaken.  The 
principles similar to those used in reinforced concrete will 
be attempted.  This step can be based on either strain or 
stress compatibility or a combination of both. Care will be 
taken such that a conservative approach finally results.  
Since the surrounding untreated soil mass is 
overwhelmingly high and the treated soil properties (mass 
density and stiffness) are not too different, it is expected 
that the untreated surrounding soil mass will dominate the 
DM soil mass response. 

The predictive capability of the proposed 
procedures will be verified using existing data on the 
behavior of DM soil under base excitation. This analysis 
will lend credibility to the assumptions used in the 
formulation of the “equivalent” 1-D column.  Assumptions 
and empirical calibration factors will be such that the 
proposed “equivalent” 1-D column yields conservative 
predictions.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: A simplified tool to analyze the seismic 
response of the sites stabilized with deep mixing 

 
A series of computer runs will be undertaken to 

study a few baseline cases in order to demonstrate the 
applicability of the proposed procedure.  The results of such 
a parametric study will be presented in terms of DM design 
dimensions (e.g. dx, dy, thickness t, depth D etc.) identified 
above and stiffness of improved soil.  The application of the 
DM methodology in improving seismic performance will 
be demonstrated through the use of a comprehensive field 
design example ( Raj…reference). 
 
3 DESIGN GUIDELINES FOR EXCAVATION 
SUPPORT  
Deep mixing is effectively used in excavations both in 
conjunction with and in substitution of traditional 

techniques, where it results in more economical and 
convenient solutions for the stability of the system and the 
prevention of seepage. Deep mixed walls constructed as 
part of a soldier pile and tie-backs system act also as 
temporary support, prevent seepage like a sheet pile wall, 
but require a lower amount of steel. The deep mixed 
treatment can also contribute to the stability of the wall 
system against deep-seated failures. 

 
 

 

 

 

 

 

 

Figure 5: Concept of excavation supported by deep 
mixing (Porbaha & Roblee 2001) 

 
Although deep mixing is currently used for 

excavation control in numerous projects, no standard 
procedure has been developed and the different applications 
have not been evaluated. As this technique emerges as a 
more economical and effective alternative to traditional 
excavation shoring, there is a need for guidelines describing 
proven procedures for evaluation of design, analysis and 
construction. 

 

 
Figure 6: A typical cross section of excavation with 
Soldier beams  
 

The objective is to develop a state-of-the practice 
design guide manual for excavation support using deep 
mixing technology in alternative or in conjunction with 
traditional techniques. The advantages of employing deep 
mixing in terms of cost, construction time and performance 
need to be assessed in order to provide a preliminary tool 
for evaluating the viability of this solution compared to the 
alternatives. Current procedures for design and analysis will 
be established through a review of the available literature 
and input from practitioners with experience in this field. 
Case histories will be examined for construction procedures 
and effectiveness of the solution.  The input of the experts 
in the field will be instrumental to establish current 
procedures for the evaluation of deep mixing in excavations 
ranging from initial feasibility and economical 
considerations determining the advantage of deep mixing 
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versus traditional techniques, to actual design, selection of 
material properties, stability calculations, construction 
techniques and detailing, monitoring, evaluation of the 
performance.  
 
Table 1: Advantages & limitations of DM for 
excavation support 
 
Advantages 1. Low vibration and noise levels 

compared to sheet pile installation.    
2. Fast construction 
3. Reduced excavated spoils compared to 
slurry (diaphram) walls 
4. DM may be used for base stabilization 

Limitations 1. Difficult with boulders and utilities  
2. Spoils generated 
3. Difficult in stiff clay 

 

The following philosophical and practical issues 
related to design of deep mixing for excavation support will 
be addressed in the manual:  

 

• What are the alternate technologies for excavation 
support? 

• What are the advantages and limitations of these 
technologies? 

• How design of deep mixing for excavation is 
different from other conventional methods? 

• In what ground conditions and site situations deep 
mixing solution is viable? 

• In what situations deep mixing should not be used 
for excavation support (constructibility issue)? 

• In what situation do we need a buttress? 
• How to specify the wall stiffness/flexibility? 
• How to address the wall brittleness (post-yield 

behavior)? 
• How to deal with stability when wall does not 

reach the impermeable stratum? 
• How to design toe of the deep mixed wall in 

seepage condition? 
• How do we know if a continuous waler is needed? 
• How to deal with heavy vertical loads at the top of 

excavation and its interaction with the wall 
elements? 

• What are the details of the 
connections/components? 

• What are the considerations when deep mixing is 
part of the permanent structure? 

• What are special considerations for design and 
installation of various reinforcing elements (such 
as H-pile and sheet pile)? 

• How to design spacing between the anchors? 
• How to design spacing between the soldier piles 

considering various modes of failure? 
 

The design guidelines document will include a 
summary of procedures for design, analysis and evaluation 

of deep mixing for excavation control methods. The report 
will include considerations on the current state of practice 
and recent developments in deep mixing for earth retaining 
systems and base stabilization, evaluation of different 
solutions on the base of benefits and possible drawbacks, 
preliminary evaluations of deep mixing as a viable 
alternative for consideration, step-by-step design 
procedures, special design considerations, and 
recommended method for performance monitoring 
(Rutherford et al., 2004)   
 

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
Figure 7: A example of  DM supported excavation in 
the urban area (Courtesy of D.Yang, Raito, Inc.) 

 
 

4   DESIGN GUIDELINES FOR EMBANKMENT 
SUPPORT  
Deep mixing technology has been used for over two decades 
to install stabilized soil elements to support embankments 
placed soft ground.  Much of the early soft ground 
stabilization work for embankments was in Scandinavia, 
where dry quicklime was initially the major binder of choice.  
However, the current trend in Europe is to use cement and or 
a mixture of cement and lime, or just dry cement to achieve 
higher strength than provided by lime alone.  In Asia, most 
notably in Japan, the deep mixing practice use mainly cement  
(both as slurry and dry) to stabilize soft soil.  Both methods, 
wet and dry, however, apply the similar design principles, and 
the stiffness and strength of stabilized soil element by either 
method are becoming comparable.  
 In the early years, slope stability design methods were 
based on use of a composite averaged strength.  However, 
ongoing studies in Scandinavian countries are demonstrating 
that individual deep mixed elements subjected to horizontal 
shear forces develop only small amounts of their potential full 
cross-sectional shear resistance.  Current research and design 
application is applying overlapped elements in the form of 
shear wall buttresses to support side slopes of embankment 
fills.  Individual deep mixed elements are used under the main 
body of the embankment to control settlement, which also 
relieves what would otherwise be considerable in-situ stress 
increase.  The reduced stress increase therefore reduces 
horizontal forces that must be carried by rows of overlapped 
elements in buttress panels or shear walls.  The horizontal 
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loads to be resisted by the deep mix elements have also been 
subject to recent discussion.  The classic sliding block mode 
with active and passive soil loadings has frequently been 
applied, but may not be appropriate when it is critical to limit 
horizontal displacements.   

  
Figure 8: Embankment supported by deep mixing 

When the body of the embankment behind the slope is 
supported on treated columns to control settlement, then the 
driving forces can be substantially reduced by considering 
that only a fraction of the embankment load actually goes into 
the soft soils (mostly carried by the columns).  Thus the 
buttress receives a much reduced lateral loading, and this 
must be considered in the analysis of horizontal stability. 
Several modes of instability must be assessed in the design of 
treated buttresses for stabilizing side slopes.  These include 
global circular (and irregular) surfaces through the buttress, 
and the sliding block model with realistic application of 
expected lateral soil driving pressures and resisting forces. 
  Also important to design of embankments on deep 
mixed stabilized ground is the potential settlement of the 
embankment and effects of treated column spacing.  
Compressibility parameters appropriate to settlement 
assessments, and their application is also an important 
element to be incorporated into the embankment design 
synthesis. 
A systematic synthesis of evaluation of the stability issues that 
incorporates the current state-of-the-practice and research is 
needed by the geotechnical community.  Such a design 
synthesis is particularly important for the 
highway/transportation engineers who are being faced with 
less than desirable sites and compressed construction 
schedules that necessitate use of soil stabilization techniques 
such as deep mixing that can be installed and ready for use in 
short time frames.   The analytical stage of design must be 
carried into construction via construction drawings and 
specifications.  The degree of sophistication of the 
construction documents varies among projects, however, there 
are minimum requirements that must always be incorporated 
into plans and specifications.  Then there are other details and 
requirements that may only be needed on certain types of 
projects or for especially challenging site conditions.  Along 
with the design, there must be performance confirmation, 
which will necessitate instrumentation installation and 
monitoring.  In some instances, initial test embankments may 
be warranted to give insight as to actual performance, thus 
verifying the design and demonstrating that it is buildable. 

 
 
 
 
 
 
 
 
Figure 9: Floating and end-bearing deep mixed treated 
embankment 

Here are several philosophical and practical issues 
related to design of deep mixing for embankment support to 
be addressed:  

 
• What alternate technologies or foundation systems 

(shallow/deep) are available to support 
embankments? And what are their advantages and 
limitations compared to deep mixing? 

• How is the design of deep mixing for embankment 
support over soft ground different from design 
using these other support methods? 

• In what ground conditions and site situations is the 
deep mixing support solution viable? 

• In what situations should deep mixing not be used 
for embankment support (based both on 
constructibility and in-situ performance)? 

• In what situations should buttresses be included in 
the embankment foundation as opposed to simply 
using individual column elements? 

• What are the design considerations for soil-cement 
wall stiffness/flexibility, and how is it specified (if 
needed in the design)?  Also, how is the wall 
brittleness (post-yield behavior) addressed in 
design considerations? 

• How is stability affected when soil-cement 
columns are not installed down to the bearing 
stratum? 

• How are the different soil-cement failure modes 
considered and addressed in design? 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Sliding block stability analysis of the 
buttress (Lambrechts, 2004) 
 

Accordingly, the main objective is to provide 
highway/transportation design engineers, and others in 
geotechnical practice with a design guide manual for using 
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deep mixing to stabilize soft soils to support side slopes of 
embankments, and greatly reduce settlement of the 
embankment.  As part of this design synthesis, the steps of 
initial feasibility assessment with preliminary cost estimate 
will be provided in detail outline to enable early go- or no-
go decision making regarding applicability of deep mixing 
for embankment support. The current procedures in 
design/analysis methods (including recommended practice 
for determining appropriate loadings) slope and sliding 
block stability, and settlement calculation procedures will 
be presented.  Also critical to the design synthesis is 
guidance on selection of appropriate treated column 
properties and parameters.  Both published literature on 
these topics, and interviews and other correspondence with 
practitioners will serve as the basis for developing the state-
of-the-practice design guideline.   

 
5   DESIGN CHARTS FOR GEOSYNTHETICALLY 
REINFORCED COLUMN SUPPORTED 
EMBANKMENTS  
Geosynthetics (such as geogrids and geotextiles, made of 
polymer materials) as reinforcement have been adopted to 
stabilize soft foundations, slopes and embankments.   
Geosyntehtics have a high tensile capacity that soils do not 
have.  The benefits associated with the use of geosynthetics 
for embankments over soft soils are to increase bearing 
capacity, reduce differential settlement, and prevent global 
instability. 

The bearing capacity of deep mixed columns can 
be significantly reduced when the columns are subjected to 
lateral forces from the embankments.  The deflection 
between the deep mixed columns may be reflected to the 
ground surface, if the columns are spaced at a larger 
distance.  Many studies have shown that geosynthetics can 
be used for reducing differential settlements, however, they 
have limited contributions in reducing total settlements of 
embankments over soft soils (e.g., Han and Gabr, 2002).    

 

 
Figure 11: Soil-column geosynthetics interaction 

 

In a column supported embankment the stiffened 
earth platforms can span weak soils and prevent deflection 
between deep mixed columns from being reflected to the 
ground surface.  Since deep mixed columns have large 
diameters and necessary strength and stiffness, when 
combined with geosynthetics, they are ideal for constituting 
a composite foundation system for embankment support.   
The inclusion of geosynthetic layers can reduce the lateral 

forces applied onto the columns, transfer more vertical 
loads onto the columns and reduce the vertical loads 
applied onto the soft soil, and minimize the deflection to be 
reflected to the ground surface.  The deep mixed 
geosynthetic system can also increase the spacing between 
treated columns.  These benefits, along with reduced 
construction time, can provide a cost-effective solution for 
support of embankment on compressible ground.   

 
Figure 12: Numerical configuration of the DM 
supported embankment 

 

The deep mixing and geosynthetic system has 
been successfully used in Japan  to support a relatively low 
(1.5m) embankment  on a soft subgrade.  Only 11% 
coverage of soil-cement columns were used in conjunction 
with one layer geogrid. This is in comparison to the 50 to 
70% coverage of pile caps that would be required in 
accordance to Rathmayer (1975).  Deep mixing columns 
and geosynthetics were also used in China to support 
embankments approaching bridges (Lin and Wong 1999).  
Numerical analyses are available to investigate load transfer 
mechanisms between the columns and the soil (Han and 
Gabr 2002).  Today, however, no design guideline exists to 
assist highway and geotechnical engineers to apply deep 
mixing and geosynthetics to embankment construction over 
soft soils.  Therefore, there is a need for developing rational 
design guides and design charts for this emerging 
composite foundation system.  

 

 
Figure 13: Vertical stress contours for a DM supported 
embankment (Han 2004) 

 
Consequently, the prime objectives are to develop 

charts and guidelines for design of deep mixing and 
geosynthetics for embankment support to reduce settlement 
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and to maintain stability; and to provide step-by-step 
examples to use charts for design of deep mixing and 
geosynthetics composite system. The design 
approach/charts will include considerations required for 
design of geosynthetic and  treated columns to address 
settlement of the composite system and stability of the side 
slopes.   

The results of this study is expected to advance the 
knowledge and user’s confidence in applying deep mixing 
and geosynthetic system for embankment support by 
providing highway and geotechnical engineers with design 
methods/charts and guidelines necessary to apply this 
composite system. This research is also anticipated to be 
helpful to deep mixing and geosynthetic industries to seek 
more business opportunities (Han, 2003 & 2004).    
 
6   IN SITU TESTS FOR QUALITY ASSESSMENT 
OF DEEP MIXING  
In the early stage of the deep mixing project the choice of 
the quality assurance (QA) should be clarified.  Typically, 
QA methods employ either core sampling of soil cement 
followed by laboratory testing on the core samples, and/or 
field-tests that may include intrusive and non-intrusive in 
situ test methods for direct and indirect assessments of soil 
improvement effect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Problems associated with in situ tests 
surveyed worldwide (Puppala & Porbaha, 2004) 
 

Laboratory tests are influenced by the sample 
disturbance and simplified boundary conditions. Cracks or 
microcracks occur in the cores during sampling due to a 
variety of reasons, such as bend in the bore hole, rigidity of 
the sampler, locking of the sampler, and rotation of the 
sampling core with the sampler. Additionally, laboratory 
tests are time consuming and provide verification only at 
discrete points, and may not incorporate localized weak 
zones along the treated soil column. Because of these 
reasons, several types of old and new in situ techniques 
have been developed and used to investigate the in situ 
quality of the treated ground. There is an extensive 
literature available on various in situ methods and their 
methodologies for QA studies on DM columns. One of the 
limitations of the information collected from literature is 
the lack of agreements on conclusions of various in situ 
tests used in QA evaluation studies conducted across the 

world. In addition, several novel in situ methods have been 
exclusively developed in Europe and Japan for quality 
assessment studies and these methods are not well known to 
practitioners and researchers from other parts of the world. 

 
 

 
 
 
 
 
 
 
 
 
Figure 15: Better quality samples are usually taken for 
laboratory test. Thus, the strength properties at 
questionable areas within the depth may not be 
identified by laboratory tests. 

 
Several non-destructive and destructive field test 

methods are utilized to conduct rapid quality assessment 
studies. In US, these in-situ practices are still new and are 
not frequently used for DM based construction projects. 
Other reasons for not using are due to lack of knowledge 
base on the field tests that have been successfully used 
elsewhere in the world.  Hence, there is a need to develop a 
state-of-the-practice report on current in situ technologies 
and their applications in quality assessments of DM 
techniques.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Continuous loading of borehole wall 

 
The present research is an attempt to address and 

accomplish this research need by conducting extensive 
literature reviews, surveying DM practitioners and users in 
both U.S. and abroad, conducting interviews to learn 
various in situ methods used for QA studies, and studying 
advantages and limitations of the in situ methods. The main 
intent is to provide knowledge base on various in situ 
methods (Standard Penetration Test, Cone Penetration Test, 
Dynamic Cone Penetrometer, Pressuremeter, Vane Shear 
Test, Rotary Penetration Test, Static Dynamic Penetration 
Test, Conventional Column Penetration Test, Reverse 
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Column Penetration Test, as well as three geophysical tests) 
to practitioners and provide directions for the selection and 
execution of in situ methods for QA studies in DM projects 
(Puppala 2003).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Geophysical methods to address quality 
assessment  
 
 
6  UNCERTAINTY MODELING USING  
RELIABILITY THEORY 
The most common laboratory test for quality assessment of 
deep mixing is unconfined compression test.  This is an 
inexpensive type of test, but the lack of confinement 
produces a bias towards laboratory strengths that are lower 
than field strengths.  Furthermore, in the case of core 
samples, the strength determination process may be biased 
by at least two other conflicting factors: (1) strengths from 
core samples may under represent in situ strengths because 
of potential damage to specimens during coring, and (2) 
only intact core pieces that are sufficiently long can be 
tested, which may bias the results on the high side. 

The measured strength of soil-cement mixtures 
depends not only on the sampling and testing method, but 
also on such factors as the water-cement ratio of the slurry, 
the cement factor (i.e., the dose rate of cement left in the 
ground), the characteristics of the soil, the type of mixing, 
the mixing energy, the curing time, the curing temperature, 
the consolidation pressure during curing, and the rate of 
field loading.  Relevant soil characteristics include water 
content, particle-size distribution, mineralogy of fines, and 
amount and type of organics and other constituents. 

A consequence of variability in these factors is that 
the measured strength and stiffness of soil-cement mixtures 
exhibit substantial variability that must be quantified to 
permit reliability-based design of foundation systems 
incorporating soil-cement columns.  Values of the 

coefficients of variation of strength and stiffness are needed 
to permit calculating the reliability against collapse and 
against excessive deformation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Field strengths obtained from cores and 
wet grab samples (McGinn and O’Rourke 2003). 
 

 
Figure 19: Statistical data for Boston project 
(O’Rourke, 2001) 

 
Furthermore, construction specifications must be 

established to provide assurance that the intent of the design 
will be achieved during construction.  This is a critical point 
because of its impact on performance and construction cost.  
If specifications are written such that all strengths measured 
during QA/QC must meet or exceed the design strength, the 
average strength will be very high and construction costs 
will also be high.  If specifications are written such that the 
average strength meets or exceeds the design strength, but 
without specification controls on variability, low strength 
values can result in a higher probability of failure than 
intended in design. 
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Figure 20: Load effects, resistance, and reliability 
(Scott et al., 2003) 

 
As one example, soil-cement column foundations 

were designed for several embankments at the I-95/Route 1 
interchange project in Alexandria, Virginia in which the 
probability of embankment side slope failure was calculated 
to be less than one percent using the procedures in Duncan 
(2000).  These calculations were performed using an 
average soil-cement strength of 160 psi (1100 kPa) and a 
standard deviation of 37 psi (255 kPa), which corresponds 
to a coefficient of variation equal to 23 percent.  The 
construction specifications for the project are based on 
unconfined compression tests performed on core samples.  
For a given column, the specifications require that the 
average unconfined compression strength must not be less 
than 160 psi (1100 kPa) and that the minimum strength not 
be less than 100 psi (690 kPa).  For the purpose of 
computing the average strength, the measured strength 
values are capped at 220 psi (1520 kPa).  This specification 
has the advantage of simplicity, and it allows individual 
columns to be accepted or rejected.  However, this 
specification does not have a direct relationship to the 
probability-of-failure calculations performed in design.  For 
example, a set of five core test results with measured 
strengths of 120, 120, 120, 220, and 220 psi would satisfy 
the specification while having a standard deviation of 55 psi 
when calculated as a representative sample of strength tests.  
Such a set of strength test results demonstrates that this 
specification does not necessarily achieve the project’s 
design intent. This example demonstrates that practical 
procedures are needed for reliability-based design and for 
writing construction specifications that correspond to the 
design intent. 

The overall objective is to provide simple and 
practical means for design engineers to incorporate 
reliability concepts in design and construction of deep 
mixing projects.  The goal is not to replace deterministic 
design approaches, e.g., requiring a factor of safety for 
slope stability greater than, say, 1.3 for an embankment 
supported on deep-mixing-method columns.  Instead, the 
reliability-based design will supplement deterministic 
design. In summary, the principal objectives are to (1) 
compile databases of strength and stiffness measurements; 

(2) determine the best fitting type of distribution and the 
mean, standard deviation, and coefficient of variation for 
each data set; (3) attempt to determine correlations among 
values of strength and stiffness obtained from laboratory 
mixed samples, grab samples, core samples, and in situ 
tests; (4) develop reliability-based design examples for 
settlement and stability of embankments using the method 
in Duncan (2000); (5) develop recommendations for 
construction specifications that meet the design intent 
without incurring excessive construction costs.  One of the 
deliverables of this project is to provide the owner with a 
simplified tool to use reliability analyses during 
construction to determine the impact on probability of 
failure of QA/QC test results that do not meet specifications 
(Filtz et al, 2003). 
 

 
Figure 21: Variation of probability with compressive 
strength (O’Rourke, 2001) 

 
7   PRACTITIONER'S GUIDE FOR STABILIZATION 
OF ORGANIC SOILS  
When soft soils are encountered, the soils must be modified 
or the construction application changed to account for the 
poor support soft soils provide.  The high cost associated 
with construction on soft soils has led to development of 
methods to treat the soil in place so that it has adequate 
strength and stiffness.  Foundations for structures or 
embankments are improved by mixing Portland cement 
and/or lime into the soil using variety of rigs, a process 
referred to as “deep mixing”.   The DM approach results in 
a series of stabilized “columns” of soil that provide 
foundation support.  The columns may be separated (i.e., as 
if a series of piles) or may be placed contiguously to form a 
wall, or mass stabilizing of a zone of soil can be achieved.  
Portland cement and also other binders, including 
cementitious fly ashes, have been found to be very effective 
stabilizers of inorganic soils.  However, stabilization of 
organic soils and peats remains a common and difficult 
problem. High water content and low strength of peats and 
organic soils require significant strength gain, which is 
inhibited by organic matter and quite unpredictable.   

Today, there is no document that reviews all the 
issues related to stabilizing organic soils and peats and 
provide guidelines to the practitioners regarding how to 
characterize organic soils and peats relevant to chemical 
stabilization, what are the most likely binder types and 
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dosages to achieve a given level of strength gain, pitfalls in 
stabilizing such materials, protocols to be followed in mix 
design dealing with such materials, and appropriate quality 
control and field tests for columns mixed in such materials.  
Therefore, there is a need for a focused guide for stabilizing 
organic soils and peats by deep mixing. 
 

 
Figure 22: Difficulties in organic soils (Edil, 2001) 
 

The main objective is to provide 
highway/transportation engineers and others in geotechnical 
practice with a guide that synthesizes the current 
knowledge regarding stabilization of organic soils and peats 
by deep mixing.  As part of this guide, the modern methods 
of characterizing organic soils and peats relevant to 
chemical stabilization, potential binders effective in such 
soils, likely dosages and potential strength gain outcomes, 
protocols of relevant mix design, appropriate test 
procedures for native materials and stabilized materials, and 
appropriate field quality control test will be provided.  Both 
published literature on these topics and interviews and 
correspondence with investigators and practitioners 
experienced in this aspect of DM will serve as the basis for 
developing this state-of-the-practice guide.   

 
Figure 23: SEM picture of stabilized peat (Edil, 2001) 

 

The primary deliverable will be a guide for 
stabilization of organic soils and peats by deep mixing 
based on the state-of-the-practice worldwide.  This guide 
will be a culmination of the information gathered from 
various sources and projects but also on-going research on 

the subject being conducted by different investigators.  The 
guide will address the following issues: 
 

• Classification and identification of organic soils 
and peats relevant to geotechnical behavior and 
chemical stabilization (this section will be a primer 
on these materials, which are not understood as 
well by the practitioners as inorganic or mineral 
soils.  Field investigative techniques and 
laboratory tests specific to these materials and 
relevant standards will be presented). 

• Distribution of organic soils and peats in the US, 
how they differ from each other and also from 
organic soils in Europe and Asia, and settings in 
which they are likely to be encountered. 

• Mechanisms of organic matter interference in 
strength gain (this is not a completely understood 
subject but certain issues are known.  The 
stabilization potential of an organic soil is 
dependent upon the ability of strong, stable 
hydration products to fill voids and take up excess 
water.  Though the mechanisms that inhibit 
strength gain in soils with significant organic 
content is still poorly understood, there have been 
practical advances).   

• There have been recent advances involving 
chemical stabilization of organic soils and peats in 
Europe and other places.  Based on these studies, 
guidelines will be sought to delineate the types of 
organic soils that can or cannot be effectively 
stabilized.   

• These studies also show that using special binders 
and having a binder dosage above a certain 
threshold level can considerably improve the 
strength of peat and organic soils.  For instance, 
granulated blast furnace slag (alone or mixed with 
Portland cement or gypsum) is found to be an 
effective binder for some peats (although it is not 
effective at all for some other peats).  Any 
advances during the course of this project on this 
topic will be incorporated to produce guidelines 
for proper type of binder and additives, dosage 
levels, and soil characteristics (e.g. effect of 
humus) and moisture for DM in organic ground. 

• The conditions and circumstances in which DM 
cannot be used effectively. 

• Guidelines for appropriate site investigation for 
DM in organic ground.  Laboratory and field test 
protocols relevant to organic soils and mix design.  
Sources and nature of difference between 
laboratory and field strength gain evaluations and 
how to minimize it.   

• Potential for impact on quality of groundwater due 
to leaching from DM columns.  This could be a 
limiting issue depending on the type of additives 
used in the binder or fly ash.  There is on-going 
research on this aspect and it will be incorporated 
in so far as possible. 

• Case histories (both successful and unsuccessful), 
sample projects, specifications, and relevant 
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bibliography as they relate to DM in organic 
ground will be collected. 

• A flow chart for a designer on what information to 
be collected and how to use it to stabilize organic 
ground and control and assess quality. 

• Identification of knowledge gaps regarding DM 
applications in organic soils and peats. 

 
 The results of the Euro-Soil-Stab project on DM in 
organic soils, undertaken by the participation of several 
European countries, will be used to prepare this document 
Edil (2004). 
 
8   INTERNATIONAL COLLABORATIONS 
 
8.1 Swedish Geotechnical Institute 
Through a user-needs survey process and to prevent re-
inventing the wheel, the NDM team identified research 
performed by Deep Soil Stabilization Research Center of 
the Swedish Geotechnical Institute (SGI) as having 
potential to advance US understanding of key DM 
processes.  Accordingly, In a collaborative effort between 
the Swedish Geotechnical Institute (SGI) and the  NDM 
program three SGI reports were translated into English. The 
NDM program then reproduced and distributed over 300 
copies of the translated reports to users in Caltrans, other 
State Departments of Transportation, various research 
institutes and to the professional community dealing with 
soil stabilization. These reports include: 
•  Report 6: “Mixing Processes for Ground Improvement by 

Deep Mixing”  

• Report 9: “The Function of Different Binding Agents in 
Deep Stabilization”, and 

• Report 3: Stabilization of Organic Soils by Cement and 
Pozzolanic Reactions – Feasibility Study. 

 
 The reports are targeted toward researchers.  
Nevertheless, information applicable to routine practice can 
be gleaned as summarized below. 
 Report 6 provides a thorough overview of the wide 
variety of mixing devices and processes used for deep 
mixing applications.  Emphasis is placed on ‘dry mixing’ 
equipment used in Scandinavian countries and a broad 
range of newer devices employed in ‘wet mixing’ 
applications in Japan.  This report also surveys mixing 
mechanisms, operations, and equipment providing insight 
into what has proven to be a complex process.  Another 
valuable contribution is a summary of the wide range in 
field-to-lab strength ratio obtained by various investigators.    

Report 9 is focused on chemical reactions between 
binders (cement, lime, industrial by-products) and various 
soil types.  This report provides the background needed to 
understand why a given binder provides good stabilization 
effect in some soils while performing poorly in other soils.  
Special emphasis is placed on “problematic soils” such as 
organic soils, peat, mud, and soils with high sulfide and 
saline content.  Table 1 summarizes the key findings from 

this report regarding the relative degree of effectiveness, in 
terms of strength gain, of alternative binders for a variety of 
soil types.  The report also contains recommendations 
regarding optimum mix ratios for combining cement and 
lime. 

Lastly, Report 3 is a feasibility study that 
investigates the potential for stabilization of highly organic 
peat soils, and serves as the basis for a future more in-depth 
investigation of this topic.  As Illustrated in Fig. 3, this 
feasibility study shows that even these most problematic 
soils can indeed be stabilized provided careful attention is 
paid to the binder mixture.  In particular, the best results for 
these soils are obtained with cement or a combination of 
cement with latent hydraulic or pozzolanic additives. The 
additives are needed since this type of soil is typically 
deficient in pozzolanic minerals needed to react with the 
calcium hydroxide in the cement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: Collaborative effort of SGI & NDM 
 
8.2  Cambridge University 
A summary of the projects performed by Professor Al-
Tabbaa and her research team (F. Hernandez-Martinez, and 
A. Osman, and R. Perera) is discussed here. 
 
Mechanical properties of laboratory-scale soil-mixed 
peat and organic clays 
Laboratory treatability studies are an essential component 
of the design of ground improvement for a project. 
However, it have been recognized that the strength 
development in the laboratory using manual mixing is 
usually many times higher than the values achieved in the 
field . This has questioned the applicability of laboratory 
tests to field results and the importance of developing 
correlations between these two (Abir Al-Tabbaa & 
Francisco G. Hernandez-Martinez). 

Therefore, using laboratory-scale soil mixing with 
auger the objectives are (a) to study the applicability of the 
wet mixing to peat and organic clays and (b) to investigate 
the effect of a number of parameters affecting treatment 
such as binder type, organic content of the soil, water 
content of the soil and grout, soil:grout ratio etc. These 
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studies will investigate the homogeneity of the mixing, 
compatibility of the grouts with the soil, density, strength, 
deformation moduli, permeability and micro-structural 
analysis using scanning electron microscopy. Both 
manually-mixed and auger-mixed samples will be produced 
and compared.  
 
Accelerated ageing of soil-mixed organic soils for 
improved durability 
It is well established that the behavior of soil-grout 
materials does continue to change over time.  Such 
observations have been mainly associated with 
contaminated soils where the presence of certain 
contaminants causes slow continued hydration over a long 
period of time. However this has also been observed, 
although to a lesser degree, in uncontaminated soils and this 
is generally caused by the relatively lower density of such 
materials, for example compared to concrete, and hence 
interaction with atmospheric carbon dioxide and also due to 
other long-term interactions, such as diffusion, between the 
grout constituents and the surrounding soils.  In addition, 
soil-grout materials are now commonly being exposed to 
aggressive environmental conditions which do alter their 
properties over time.  
 

 
Figure 25: Examples of mixes in different 
environments for different durations (a) Mix 1 in 
sulphuric acid solution, (b) Mix 2 after freeze-thaw 
cycling, (c) Mix 3 in sodium sulphate solution and (d) 
Mix 5 in sodium sulphate solutions (Osman and Al-
Tabbaa 2004) 
 

It is therefore vital when designing soil-grout 
mixes to be confident about the long term properties of the 
materials and their correlation to their properties at 28 or 90 
days on which design is usually based.  This has led to 
interest in the development of experimental and numerical 
predictive methods.  Experimentally this requires the 
accelerated ageing of materials.  Elevated temperatures are 
the most commonly used means of accelerating the 
hydration of cementitious materials.  In the case of soil-
grout materials considerable carbonation is also expected to 
take place due to their relatively high porosity compared to 

say concrete.  Accelerated carbonation can be used for that 
purpose.  Numerically the Arrhenius model is one of the 
methods that have been used. 

Therefore, the objective of this project is to carry 
out a research program in parallel with that above to look at 
the effect of elevated temperatures and accelerated 
carbonation on the behavior of uncontaminated organic 
soil-grout mixes. It is possible that because of the organic 
nature of the soil that accelerated carbonation will not be 
necessary in this case. Real-time cured samples will also be 
prepared to provide the control behavior. 
 
Improving the durability of soil-mixed soil-grout 
materials in soft clays and designing for impacts of 
climate change 
Sustainability and impacts of climate change are two issues 
which are now having to be addressed in all geotechnical 
construction processes.  Increasing the life of materials is 
one important aspect of its sustainability.  Implications on 
the design and necessary adaptation to take into account 
impacts of climate change must form part of the assessment 
of the durability of a construction material. Frequently 
geotechnical materials are now constructed in aggressive 
environments whether because of immediate contact with 
waste, contaminated water or subject to severe 
environmental stresses such as freeze-thaw or wet-dry 
cycles or prolonged less severe environmental stresses as 
anticipated in climate change scenarios.  Soil-mixed 
materials are no exception with their wide ranging 
applications in geotechnical and geoenvironmental 
engineering. 
 

 
Figure 26: SEM micrographs (a) peat-cement, 90% 
RH, 60oC, 90 days, (b) peat-cement, 90% RH, CO2, 
60oC, 90 days, (c) peat-cement, 80%RH, 60oC, 60 
days and (d) medium-organic clay-cement-bfs, 
90%RH, 60oC, 90 days(Al-Tabbaa et al., 2004) 
 

Therefore, the objective of this project is to 
investigate the improvement of the durability of soil-
cement-bentonite mixes concentrating on soft clay soils.  
This will be carried out using manual mixing and compared 
with laboratory-scale soil mixing using a laboratory-scale 
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auger. Properties which will be investigated will be 
strength, permeability and microstructure (using scanning 
electron microscopy and X-ray diffraction).  This is going 
to be achieved with the use of naturally available materials 
e.g. zeolites. Extreme climate change scenarios and severe 
chemical attacks such as freeze-thaw and wet-dry cycles, 
strong acidic and saline groundwater environments will be 
applied. 
 
9 CONCLUDING REMARKS 

Implementation of new technologies requires 
user’s confidence in the quality of the final product and the 
availability of engineering tools for analysis and design, 
among others. Deep mixing technology is gaining 
acceptance in the US as evidenced by the increased number 
of deep mixing projects executed in the last five years, and 
number of publications presented in the conferences 
(Porbaha et al, 2005). These wide spectrum of applications 
include embankment support, foundations for structures, 
seismic strengthening/retrofit, reducing lateral spreading, 
environmental remediation, general ground stabilization, 
reducing lateral pressure, cutoff barrier system, slope 
stabilization, and excavation support. Challenges related to 
construction on soft ground and timely delivery of the 
projects ( accelerated construction) have been one of the 
major reasons to use deep mixing.  The initiatives of the 
National Deep Mixing research program are aimed to assist 
owners, contractors and design engineers when deep 
mixing is used or infrastructure development projects.  
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ABSTRACT. Failure of lime and of lime/cement columns can occur as spill-through soil failure, column tension failure, 
column shear failure or column moment failure depending on the location, the strength and the dimensions of the columns. 
The lowest global factor of safety is normally obtained at column moment failure where the moment capacity and the 
applied axial column load govern the stability. The variation of the factor of safety between the different failure modes can 
possibly explain the reason for several failures that have occurred in Sweden and Norway 
 
 
1.  INTRODUCTION. 
Lime/cement columns are used extensively in Sweden to 
stabilize road and railroad embankments and deep cuts. The 
columns are manufactured by mixing in-situ lime, cement 
and other additives with soft clay or with different soft 
organic soils. The columns are placed in the soil as single 
columns or as column rows. The stabilizing effect of the 
columns depends on the shear resistance of the columns 
along a slip or a failure surface through the columns and the 
unstabilized soil. 

 
2. DRAINED AND UNDRAINED SHEAR STRENGTH  
The undrained shear resistance of the columns is usually 
evaluated by unconfined compression tests due to the 
simplicity of this testing method and that unconfined 
compression tests are commonly used internationally.  

Undrained triaxial tests (UU-tests) with pore pressure 
measurements are usually required to determine the drained 
shear strength of the stabilized soil. 

The lowest global factor of safety and thus the lowest 
stability are normally obtained with a combined analysis 
where the drained shear strength is applied to the columns 
and the undrained shear strength to the unstabilized soil 
between the columns.  

The maximum unconfined compressive strength of the 
stabilized soil qu,col,

  which can be used in the design of lime 
or lime/columns according to SGF Report 2:2000, is usually 
200 kPa, which corresponds to a fictitious undrained shear 
strength of 100 kPa for the stabilized soil. Under favourable 
conditions a fictitious undrained shear strength of up to 150 
kPa can be used.  
 The drained shear strength depends partly on the 
cohesion intercept and partly on the normal effective stress 
and so that cu,col < 0.5 qu,col, where  qu,col is the unconfined 

compression strength of the stabilized soil and on the angle 
of internal friction.  It has been assumed in the following 
that the characteristic undrained cohesion cu,col is 0.5 qu,col. 
This relationship is uncertain since the stabilized soil is only 
partially saturated. Compressed air is used to transport the 
dry lime, cement and other additives from the storage tanks 
to the mixing tool.  
 It should be noted that the undrained cohesion cu,col  
increases with increasing normal stress and that the 
maximum characteristic undrained cohesion is cu,col   
 It is preferable, however, to express the undrained shear 
strength and the bearing capacity of the columns in terms of 
the unconfined compressive strength qu,col when the soil is 
not saturated to avoid the often misleading interpretation of 
the shear strength when the shear resistance of the stabilized 
soil expressed in terms of the undrained shear strength cu,col.  

   
3. FAILURE MODES 
Four different failure modes have been identified as 
illustrated in Fig. 1 where lime or lime/cement columns are 
used to improve the stability of road and railroad 
embankments. The different failure modes are as discussed 
in the following 
• Failure mode A. Spill- through soil failure 
• Failure mode B. Column tension failure 
• Failure mode C. Column shear failure 
• Failure mode D. Column moment failure 

 
The lateral shear forces TA through TD shown in Fig. 1 
depend on the location of the slip surface trough the 
columns. 
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Figure 1. Failure modes. 
 
It should be noted that the lateral shear forces TA through  
TD  represent the contribution of the columns to the stability 
in addition to the axial bearing capacity . TA to TD  will 
govern the stability when the column loads are high while 
the axial load Qcol of the columns will govern the stability 
when Qcol is low.  
 It is preferable to express the shear resistance of the 
columns in terms of the shear fores TA to   TD since these 
forces are independent of the inclination of the slip surface. 
 
4. SPILL-THROUGH SOIL FAILURE 
At a spill-through soil failure the unstabilized soil flows 
around the columns or through the openings between the 
columns as illustrated in Fig. 2. This failure mode takes 
place when the spacing of the columns is large and  the slip 
surface is located close to the ground surface where the 
normal pressure is low.  
 This failure mode is similar as that of a spill-through 
abutment. Therefore the proposed name spill-through soil 
failure. The moment resistance of the columns is 
sufficiently high in this case to resist the lateral pressure 
acting on the columns. 
 The stress conditions at a spill-through failure is 
illustrated in Fig. 2. The lateral earth pressure on the 
columns when the soil flows past the columns is governed 
by the shear strength of the unstabilized soil and by the size 
of the columns.  
 A relative large displacement, 0.1d to 0.2d, where d is 
the column diameter, is usually required to mobilize the 
passive earth pressure.  
 
 

 
 
     
Figure 2. Spill-through soil failure. 
      
The lateral earth pressure on the columns, k1cu,soild,  is 
governed by the undrained shear strength cu,soil and by the 
coefficient k1, which is usually between 2 and 11. When the 
relative displacement exceeds about 0.1d then k1 is equal to 
9 to 11. A relative displacement of only a few mm is 
required at k1 = 2. The estimated lateral earth pressure is 12 
kN/m at cu,soil = 10kPa, k1 = 2 and d = 0.6 m.  
 The lateral resistance between the columns corresponds 
to the passive earth pressure pp. At equilibrium 
 
 pp(S-d) + k1cu,soil d  = ph S                (1) 
 
 The lateral resistance is reduced to zero (pp = 0) when 
the soil has been excavated behind the columns. Then 
 
 k1cu,soil d  = ph S                              (2) 
 
  ph  = k1cu,soil d / S                            (3) 
 
Equ. (3) indicates that ph increases with increasing 
undrained shear strength k1cu,soil 
 
5. COLUMN TENSION FAILURE 
The tensile strength of the stabilized soil is exceeded close 
to the slip surface at a column tension failure as illustrated 
in Fig. 3. This failure mode occurs when the maximum 
tension in the column exceeds the tensile strength of the 
stabilized soil close to the slip surface.  
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Figure 3. Column Tension Failure.  
 
The shear resistance TB depends on the loading rate and on 
the drainage conditions. The tensile stress is high close to 
the slip surface when the axial load in the columns is low 
(Fig. 3). However, the tensile stress, which corresponds to 
the minor principal stress, can be high.  
 Also the shear resistance TB can be high in the direction 
of the slip surface due to a negative pore water pressure. A 
high negative pore water pressure has i.e. been observed at 
unconfined compression tests This negative pore water 
pressure contributes to the high shear strength of the 
stabilized soil. However, the in-situ pore water pressure is 
affected by the permeability, the loading rate and by the 
drainage conditions of the columns.  
 
6. COLUMN SHEAR FAILURE 
The loading conditions at column shear failure, which is 
generally assumed in the calculations of the stability of road 
and railroad embankments, is shown in Fig. 4. The columns 
fail along the same slip surface as in the unstabilized soil 
next to the columns.  The undrained shear strength cu,,soil  of 
the stabilized soil is usually assumed to be half of the 
unconfined compressive strength  (cu,col =  0.5qu,col)  
 Also the drained shear strength is used to determine the 
stability and the shear resistance. An angle of internal 
friction φ´col of 30 and 35 degrees is usually used for lime 
and lime/cement columns, respectively. The cohesion 
intercept c´ is normally assumed to 0.3 cu,col for the active 
zone below an embankment. Also, the pore water pressure 
affects the shear resistance which can be high for 
lime/cement columns. The pore water pressure in the 
columns can even approach the pore water pressure in the 
unstabilized soil between the columns.  

 
 
Figure 4. Column shear failure. 
 
7. COLUMN MOMENT FAILURE 
The moment capacity of the columns is exceeded at column 
moment failure at one or two sections of the columns as 
illustrated in Figs. 5 and 6. It should be noted that the 
moment resistance TD  depends mainly on the axial load 
besides the dimensions of the columns.  

Column shear failure is normally assumed in the design 
of lime and lime/cement columns. However, other failure 
modes,  i.e. column moment failure often indicates a lower 
stability and a lower global factor of safety. The difference 
can be large and could possibly explain some of the failures 
which have occurred of road and railway embankments 
which have been stabilized by lime or by lime/cement 
columns in Sweden  
 The stability of lime or lime/cement columns and the 
shear resistance TD  at column moment failure can be 
estimated by the following equation 
 

  TD  = colsoilu Mck ,12                         (1) 
 
where Mcol is the moment resistance of the columns which 
is equal to  
                   
 Mcol  =  qu,col η Acol (em - εf β f2 )           (2) 
 
In Equ (1) k1 is a coefficient which governs the lateral earth 
pressure along the column. The coefficient k1 is normally 2 
to 11 depending on the lateral displacement of the columns. 
The cohesion cu,soil is the undrained shear strength of the 
unstabilized soil between the columns and d is the diameter 
of the columns. The column load  Qcol = η qu,col.Acol  where 
qu,col is the unconfined compressive  
 

Volume 2

812 Deep Mixing´05



     
Figure 5. Column Moment Failure A. 
 

 

 
Figure. 6. Column moment failure B.  
 
strength and Acol is the cross-sectional area of the columns.  
The axial force Qcol together with the shear force R along 
the slip surface corresponds to the shear resistance TD,max as 
shown in Fig. 7. The shear resistance TD,max which is 
independent of the inclination of the slip surface is equal to 
the lateral earth pressure on the column for the length f so 
that  

 
 TD,max =  k1cu,soild f                                (3) 

  
where f is the distance from the slip surface to the plastic 
hinge and k1cu,soild is the lateral force per unit length of the 
columns. 
 A moment column failure occurs when the depth of the 
slip surface is large with respect to the ground surface. It 
should be noted that the shear force TD,max is not affected by 

the location or by the inclination of the slip surface as long 
as the height of the column is sufficient  for one or two 
plastic hinges to develop along the columns. The lateral 
resistance of the columns depends mainly on the undrained 
shear strength cu,col of the unstablized soil.  
 The stress conditions at the location of the plastic 
hinges is shown in Fig. 8. The shear resistance TD,max,  is 
governed by the lateral resistance k1cu,cold  and by the 
moment capacity of the columns. The magnitude and the 
distribution of the lateral load depends very much on the 
relative displacement of the columns as well as on the 
lateral earth pressure above and below the slip surface.  
 

  
 
Figure 7. Shear resistance of columns. 
 
 The long-term shear force TD as determined by an 
effective stress analysis can be determined from the 
equation 
                 
 TD  =  colsoilu Mck ,12                      (4) 

 where  
 Mcol = q´u,col η Acol (em - εf βf2)            (5) 
 
  and        
 q´u,col  =  qu + Ko (σ´vo + mo,soi q´o)        (6)  
 
 η =  Qcol /qu  Acol, ,                                               (7) 
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8. COMPARISON OF COLUMN MOMENT AND 
COLUMN SHEAR FAILURE 
The ratio of the column moment and the column shear 
resistances  (TD /Tc)  is shown in Figs 9 and 10 as a function 
of the column load η = Qcol /Qu,col at different values on the 
coefficient  
k1α = 1.0, 0.5 and 0.1 and on the failure strain εf  = 10% and 
1%. 
 

         
   
Figure 8. Moment Resistance of Columns. 
        
 The coefficient k1α is equal to k1cu,soil /qu,col. It should be 
noticed that qu,col = 2 cu,col  then  k1α = 0.5 k1cu,soil/cu,col   Since 
a very small displacement is required to reach the failure 
strain for the stabilized soil when εf = 1% it is proposed to 
use a value of 2 on the coefficient k1. Because a much larger 
deformation is required to reach the failure strain when k1 = 
10% it is proposed that a value of 5 could be used on k1 .  
 The ratio cu,col /cu,soil is equal to 2.5, 5 and 25  at k1 =5 
and  εf  = 10%. The ratio  cu,col /cu,soil is equal to 1, 2 and 10 
at k1 = 2 and  εf  = 1%.  The lateral displacement at εf  = 1% 
is small since the lateral displacement increases linearly 
with εf .  

 
 

Figure 9. Comparison of Column Moment and Column 
Shear Failure, (TD /TC). 
B. Columns with one Plastic Hinge.  
 
 The ratio of the column moment of and the column 
shear TD /TC  depends also on the inclination of the slip 
surface as illustrated in Fig. 11. A large part of the axial 
load Qcol in the columns is mobilized when the inclination 
of the slip surface (ia1 and ia2) is large as shown in Fig. 11a 
 

 
Figure 10. Comparison of Column Moment and 
Column Shear Failure (TD/TC).  
A. Columns with two Plastic Hinges. 
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Figure 11. Critical Inclination icr of the Slip Surface. 
 
 The column moment resistance TD is reduced when the 
inclination exceeds a critical value icr because the axial load  
Qcol is not sufficient to mobilize the maximum resistance 
TD,max as shown in Fig. 11b.  

 TD and thus TD /TC are reduced by the factor ξ  when 
the inclination of the slip surface i > icr      (Fig. 11c) 
 

ξ =  
crcol

col

iQ
iQ

tan/
tan/

 =  
i

icr

tan
tan

           (8) 

 
 
9. CONCLUSIONS 
 Calculations indicate that the most critical failure mode 
is usually column moment failure. At this failure mode one 
or two plastic hinges develop along the columns where the 
maximum bending moments exceeds the moment capacity 
of the columns. 
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Japanese Geotechnical Society Standard “Practice for Making and Curing 

Stabilized Soil Specimens Without Compaction” (JGS 0821-2000) 

This translation is prepared initially by George Filtz and Kesh Ikuma of Virginia Tech, reviewed by 

Masaaki Terashi of NNGI and confirmed by the Japanese Geotechnical Society. The official document 

is the Japanese version of “Geotechnical Test Procedure and Commentary, Volume 5, Chapter 7, 

Japanese Geotechnical Society, 2000. Copyright belongs to the Japanese Geotechnical Society.  

The distribution of this translation is allowed only for the academic purposes until the Japanese 

Geotechnical Society publishes the translation in print.  

Chapter 7: Practice for Making and Curing Stabilized Soil Specimens without Compaction  

7.1 Introduction 

Since about 1975, techniques for soil improvement by mixing soil and binder (stabilizer or 

stabilizing agent) without compaction gained popularity in the construction industry. Instead of 

compacting the soil, these techniques use the solidification reactions of the binder, or the 

reactions between soil and binder. Such techniques include: shallow mixing method1), deep 

mixing method2), walls made of soil-cement columns3), the pre-mixing method (PREM)4), 

lightweight earth-fill techniques5), and the liquefied soil stabilization (LSS) method6). The first 

three techniques utilize soil-mixing machines to mix soil and binder at a construction site. These 

techniques improve the foundation over several meters of depth for shallow mixing or over 

several tens of meters for deep mixing. With the latter three techniques, a mixing plant first 

blends soil and binder, in some cases along with air entrainment, adjustment of the water content, 

etc., and then the mixture is poured into the designated spot. There are several features common 

to the above techniques. First, they can be applied to a wide variety of soil types, namely clay, 

organic soil, and sand. Second, the selection of binder type and amount is critical. Finally, the 

binder is mixed with the soil using a mixer equipped with paddles, and the mixture is cured in 

situ. 

Among the above techniques, the deep mixing technique is used the most. Its frequency of 

usage has been increasing over the years. In 1997, the total amount of treated soil (both slurry 

and powder binders) processed by the deep mixing technique has reached about 5×106 m3. The 
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most important geotechnical characteristic of the mixture is shear strength (which is related 

directly to the intended application). Securing sufficient shear strength should provide the 

required stiffness, uniformity, and long-term stability. In general, there are many factors that 

affect the strength of stabilized soil. These factors are the original soil characteristics (water 

content, organic carbon content, etc.), non-uniformity of the soil (due to the complexity of the 

natural soil structure), type and amount of the binder, curing period, curing temperature, and 

mixing ratio7). Hence, accurately predicting the strength of stabilized soil solely by the soil 

investigation prior to construction is difficult. It is very important to perform a laboratory mix 

design program, which can be used to determine the mixing details by measuring unconfined 

compressive strength of soil specimens while varying binder types and amount, curingtime, and 

water-cement ratio. This mix design process also contributes to quality control at the 

construction site. It is important to recognize that the laboratory soil strength qul and the actual 

field strength  quf are not the same, and typically, quf = (1/3 to 1)qul 
8). This knowledge may 

prevent possible problems at the construction site, such as discovery that field strengths are 

lower than the strengths of laboratory mixed specimens. 

This standard specifies a fabrication procedure for stabilized soil specimens to be used in tests 

to determine the binder type and amount, water-binder ratio, etc., and in tests for new binder 

development. As mentioned above, the importance of this standard increases daily with the 

continuing increase in the number of applications of the deep mixing technique. This method to 

make stabilized soil specimens distinguishes itself from those of Chapters 5 (Practice for making 

and curing compacted stabilized soil specimens using a rammer) and 6 (Practice for making and 

curing statically compacted stabilized soil specimen) by not compacting stabilized soil with a 

rammer or a static compressor. In addition, the specimen prepared based on this standard is 

assumed to be used mostly in strength testing, such as unconfined compression tests. 

 This standard was revised by the Stabilization Testing Subcommittee under the Soil Testing 

Standard Investigation Committee of the Japanese Geotechnical Society, and it was published in 

Tsuchi to Kiso (November 1997). It was reviewed by the Japanese Geotechnical Society and has 

been in force since March 1, 2000. For all the previous revisions, refer to Appendix “Revision 

History of Standards.”  The standard is based on JGS T 821 “Making and Curing of Stabilized 

Soil Specimens without Compaction.” While there are no major changes, the latest revision 

allows the use of large-diameter molds with soil containing gravel or decayed plants. 
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7.2 Japanese Geotechnical Society Standard “Practice for Making and Curing Stabilized Soil 

Specimens Without Compaction” (JGS 0821-2000) 

Japanese Geotechnical Society Standard (JGS 0821-2000) 

Practice for Making and Curing Stabilized Soil Specimens Without Compaction 

1. General 

1.1 Purpose of the Standard 

This standard specifies the procedures to make and cure stabilized soil specimens without 

compaction. 

1.2 Scope of Application 

The standard is applicable to soils with maximum grain size of about 9.5 mm. 

1.3 Definitions of Terms 

Stabilized soil is a mixture of soil and binder. Binder is a chemically reactive material to 

improve the characteristics of the soil. 

Notes: 

1.  Details of procedure(s) employed which are different from those specified in this 

practice shall be reported  

1.1 The specimens prepared based on this standard are mainly for unconfined compression 

tests. 

1.2  For soils containing an excessive amount of gravels or decayed plants, use a larger-

diameter mold than that specified in 2.1. The maximum grain size may be adjusted in 

proportion to the mold diameter. 

2. Test Equipment 

2.1 Equipment for Making the Specimen 

(1) Mold. Conventionally to make a 5-cm diameter, 10-cm high specimen. 

(2) Mixer. To evenly mix soil and binder. 

(3) Binder Mixing Tool. To evenly mix binder and water. 

(4) Sieve. 9.5-mm opening size, as specified in JIS Z 8801. 

(5) Straight Edge 

(6) Scale,which can measure mass to an accuracy of 1 g. 
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(7) Water content Measurement Device. As specified in Section 4 “Equipment” of JIS A 

1203 “Test Method for water content of soils” 

2.2 Equipment for Curing 

(1) Temperature-controlled Container. To maintain the temperature at 20±3°C 

(2) Sealant. To cover up the specimen and maintain its water content 

Notes: 

2.1 

(1) When using a mold with unconventional dimensions, the mold should make a specimen 

with height 2.0 to 2.5 times the diameter. 

(2) Consists of a motor, stirring blades, and mixing bowl. 

(3) Not needed if slurry mixing water is not necessary. Slurry mixing water is used to make 

slurry from the binder. 

(4) If the diameter of the mold is increased due to the soil condition, choose a sieve that is 

appropriate for the maximum grain size. 

(7) Depending on the type of soil, JGS 0122 “Test Method for Water Content of Soils by the 

Microwave Oven” may be used. 

* JIS stands for Japanese Industrial Standard. 

2.2 

(1) Some examples of temperature-controlled containers are a temperature-controlled room, 

a temperature-controlled tub, and a temperature- and humid-controlled container. 

(2) High polymer  film and paraffin wax are used as sealants. 

3. Soil and Binder 

3.1 Soil 

(1) Use the soil at its natural water content without grains greater than 9.5 mm. 

(2) Stir soil well. 

(3) Determine the water content. 

3.2 Binder 

Prepare required amount of binder. 
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Notes: 

3. Amounts of soil and binder are determined by the combination of test conditions  such as 

the binder factor and the curing method. The binder factor is defined as the ratio of the 

mass of the binder to the mass of dried soil by percent.  

3.1 

(1) Prepare the soil according to JGS 0101 “Practice for Preparing Disturbed Soil 

Samples for Soil Testing.” The required amount of soil is roughly 500 g per 

specimen. If the mold diameter is increased due to the soil condition, remove 

grains above the corresponding maximum grain size. 

(2) It is desirable to stir with a mixer. 

4. Making and Curing of Soil Specimen 

4.1 Making 

(1) Determine the appropriate amount of soil, binder, and slurry mixing fluid, if the binder is 

employed in the form of slurry. 

(2) Mix binder and slurry mixing water (to achieve the prescribed water/binder ratio), if the 

binder is employed in the form of slurry. 

(3) Add binder to soil and blend them well in the mixer, producing evenly mixed stabilized 

soil. 

(4) Determine the water content of the stabilized soil. 

(5) Place the stabilized soil in the mold, using about three layers. After pouring each layer of 

stabilized soil, remove air bubbles. 

4.2 Curing 

(1) Cover the mold with the sealant to prevent water evaporation from the specimen. 

(2) Cure the specimen by placing it in a 20±3°C environment for the prescribed amount of 

time. 

(3) Once the curing is complete, both ends of the specimen should be carved and trimmed to 

be parallel and at right angles with the axial direction by using straight edge and take the 

specimen out of the mold. 
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Notes: 

4.1 

(2) Water/binder ratio is the ratio of the slurry mixing water to the binder in percent. 

(3) Mixing duration is approximately 10 minutes. 

(5) A high polymer sheet may be placed on the inside of the mold to prevent the mold from 

rusting and also to prevent stabilized soil from sticking to the mold. 

4.2 

(1) Wrap the exposed end of the specimen or the entire mold with high polymer film (or 

similar sealant). 

(2) a. Curing periods are selected from 1, 3, 7, 10, 14, and 28 days, etc. on the basis of the 

experimental purpose and the binder type. It is desirable to include 7 and 28 days. 

b. Once the specimen has attained enough strength, it may be taken out of the mold 

(after its exposed ends are properly trimmed), and the curing process may be 

continued with the specimen wrapped in high polymer film. 

(3) After the specimen is detached from the mold, both ends of the specimen may be shaped 

using a miter box and saw. 

5. Reporting 

Report the following items. 

(1) Soil water content 

(2) Stabilized soil water content 

(3) Binder type and binder factor 

(4) Slurry mixing fluid type and water/binder ratio 

(5) Curing period 

(6) Description of the process alteration (if not completely compliant with this standard) 

(7) Other notable matters 

Notes: 

5. If the soil testing is performed on the natural soil, report all the results that contribute to 

soil classification and soil improvement assessment. 

(3) Report both the binder factor in percent as well as the binder content (binder mass 

per m³ of moist soil ) in kg/m³. 
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7.3 Commentary on the Standard 

7.3.1 General 

(1) Purpose of the Standard. This standard provides the fabrication methods for cylindrical 

stabilized soil specimens without compaction. The soil specimens prepared by this standard are 

most often used in the unconfined  compression test, which has procedures specified in JIS A 

1216 (Method for unconfined compression test of soils). Other soil tests that use this standard’s 

specimens are triaxial compression tests defined in JGS 0521 ~ 0524 and cyclic triaxial tests 

defined in JGS 0541. Such other soil tests are aimed at understanding the effectiveness of 

confining pressure on shear strength, residual strength, and dynamic characteristics. 

(2) Scope of Application. While the maximum grain size of the soil being tested is not 

specified in JIS A 1216, JGS 0520 “Preparation of soil specimens for triaxial tests” defines the 

relationship between the specimen diameter and the maximum grain size as follows: “The 

diameter of a specimen shall be 20 times the maximum grain size of the test material. For soils 

having a wide range in its grain size distribution, however, the specimen diameter may be 5 

times the maximum grain size.” On the other hand, JGS 0812 “Practice for making and curing 

statically compacted stabilized soil specimens” employs a maximum grain size of about 1/4th of 

the mold inside diameter (in order to avoid interfering with compaction). Considering the above 

sources and the fact that this standard specifies a mold with a 5-cm inner diameter, this standard 

follows JGS 0812, and the maximum soil grain size is defined to be 9.5 mm or less. However, in 

the case of soil containing a lot of gravels or decayed plants, a larger mold may be used to avoid 

having the laboratory sample be substantially different from the actual soil due to the removal of 

gravels and decayed plants resulting from an attempt to be in compliance with the 9.5-mm 

maximum grain size specification. 

7.3.2 Testing Equipment 

(1) Equipment for Making the Specimen 

a) Mold. The standard size of the mold is defined to create a specimen with 5-cm diameter 

and 10-cm height. However, depending on the soil characteristic, the specimen diameter may be 

varied. In case of clayey or sandy soil without gravels and when there is a shortage of soil 

sample, the diameter may be less than 5 cm. Conversely, if the soil contains a lot of gravels or 

decayed plants, the diameter may be larger than 5 cm. The height of the specimen is set to be 2.0 
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to 2.5 times the diameter, based on JIS A 1216 (unconfined compression test, 1.8 to 2.5 times), 

JGS 0520 (triaxial tests, 2.0 to 2.5 times), and JIS M 0302 (“Testing Procedures for Rock 

Compressive Strength,” close to double, preferably 1.8 to 2.2 times, the diameter). 

The materials for the mold are cast-iron, plastic, and tin. The latter two types of molds are 

referred to as lightweight molds and are popular choices today. The merits of lightweight molds 

are that they are easy to tap against a surface of table to remove air bubbles and easy to separate 

a specimen from the mold. Also, the specimen can be cured in the mold without the risk of the 

mold rusting. Figure 5.7.1 contains 

photos of a standard-sized lightweight 

mold. Splittable cast-iron molds are 

available in various sizes based on JIS A 

1132 “Concrete Specimen Fabrication 

Procedures for Strength Tests.” 

b) Mixer. A mixer combines soil and 

binder evenly. Specifically, an electric mixer consisting of three basic parts: motor, stirring 

blades, and mixing bowl is specified in the standard. In most cases, the electric mixer is suitable 

for most types of soil: clayey, organic, and sandy soils. However, in the case of clayey soil with 

low water content, both hand kneading and the electric mixer should better be utilized together. 

Details on electric mixers are located in Chapter 5 Section 5.3.3(1) or in Appendix B to this 

translation. 

c) Binder Mixing Tool. When the binder is used in slurry form, use a mixing bowl (typically 

a metal bowl) and a rubber spatula or a spoon to mix the binder and water. 

(2) Equipment for Curing the Specimen. Details on sealants are located in Chapter 5, Section 

5.3.3(2). 

7.3.3 Soil and Binder 

(1) Soil 

a) Soil Sampling. For laboratory testing aimed at actual construction, collecting soil samples 

from all soil layers that are subject to stabilization is a basic principle. To collect soil samples 

from deeper layers, a thin-walled sampler is typically used. Store sampled soil at the original 

natural water content. 

 
Figure 5.7.1: Two examples of lightweight molds. 
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b) Soil Sample Grouping. Classify the soil sample based on the observation records and soil 

testing results of the soil samples. Separate the sample into identified layers (for shallow mixing, 

often the soil is determined to have a single layer). However, if a layer is thick, it is further 

divided into sublayers to take variation in water content into consideration. Conversely, if a layer 

is thin and its soil characteristics are similar to those of the neighboring layer, the layers may be 

combined to reduce testing complexity. 

c) Soil Sample Adjustment. Sift each grouped soil sample through a 9.5-mm sieve. If the 

mold diameter is less than 5 cm, choose an appropriate sieve to have the maximum grain size of 

the sample be less than 1/5th of the inner diameter of the mold. While sifting, remove large 

obstacles such as shells and plants. If the sample grain size is clearly within 1/5th of the inner 

diameter of the mold, and the sample does not contain any obstacles, this step may be skipped. 

Next, measure the water content of each grouped sample (stirred using the mixer). If the 

water content is clearly changed during the process of sampling,  transportation, and storage, 

adjust the water content of the soil sample to the natural water content. The amount of water used 

to form the slurry may be changed for this adjustment purpose. 

d) Amount of soil. A standard-sized specimen requires about 500-g of soil. Hence, the total 

amount needed is approximately 500 × (the number of specimens). The number of specimens is 

determined by the number of experimental conditions to be tested. The experimental conditions 

are the variations in binder types, binder factor (or binder content), curing duration (curing time), 

and other construction control values (such as the influence of water/binder ratio), or a 

combination thereof. For each curing time, three or more specimens are prepared. It is desirable 

to have an excess amount of soil samples in case follow-up tests or repeated tests (due to 

procedural errors) are needed. 

(2) Binder 

a) Selection of binder. Quality of the binder must be stringently assured. In general, it is 

desirable to use fresh binder. However, if aged binder must be used, it should be inspected 

thoroughly for any signs of degradation. For instance, degraded cement becomes grainy. The 

states of binder are roughly divided between the form of slurry binder or of powder or granular 

binder. More information on binders is found in Chapter 5 Section 5.3.4(3). 
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Sometimes an admixture is added to the binder. The admixture provides the binder with 

special characteristics (such as accelerating or decelerating the rate of hardening). For instance, a 

retarding agent may be used sometimes for the ease of overlapping of stabilized soil columns.  

Section 7.4 contains a discussion of a soil-specific guide to selection of the binder type. 

b) Amount of binder. The binder factor (or binder content) and the number of specimens 

determine the amount of binder required. Similar to the soil amount, it is desirable to prepare for 

extra amounts. 

c) Slurry mixing water. To form slurry, tap water is generally used as the mixing water. 

However, if the stabilization tests are for maritime construction, seawater may be used as the 

mixing water. 

7.3.4 Making and Curing of Specimens 

(1) Mixing the materials 

a) Mixing duration. An optimal duration to mix soil and binder varies due to many factors 

such as the type and amount of soil and the type and amount of binder. In this standard, however, 

the duration is set to about 10 minutes based on the mixing experiment report9) and other 

numerous laboratory experiment results. When the mixing is continued for too long, removing 

air bubbles from the stabilized soil in a mold becomes difficult, as the stabilized soil may begin 

to harden. 

b) Other mixing tips. 

 Stop mixing after 5 minutes. Detach the mixing bowl from the mixer, and pour the 

stabilized soil in the mixing bowl, as well as stabilized soil sticked on the stirring blades, to 

another container using a rubber spatula. Hand-mix briefly, then return the soil to the mixing 

bowl and run the mixer for another 5 minutes. Another option is to hand-mix the soil every 2 

minutes in the mixing bowl (the soil on the blades must be scraped off using the spatula). These 

procedures prevent uneven mixing results, especially between the bowl and blades. 

 If the binder is in slurry form, starting the mixer right after adding the slurry to the soil in 

the mixing bowl may result in splashing the slurry. To avoid this, briefly hand-mix the soil and 

the slurry first before attaching the container to the mixer and starting the mixer. 

(2) Making the specimen 

a) Making of stabilized soil specimen. Apply a thin layer of grease on the inside of the mold 

to allow easy separation of the specimen and mold upon completion. 
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This standard specifies that the stabilized soil be poured into a mold in three separate layers. 

After pouring each layer, remove air bubbles. Typical methods for the removal of air bubbles are 

 lightly tapping the mold against a concrete floor,  hitting the mold with a mallet, and  

placing the mold on a vibration table. The above operations are terminated once air bubbles are 

no longer observed on the soil surface. In general, it is harder to remove air from stabilized 

stiffer clayey soil. Also, some stabilized soil decreases in volume over time, resulting in a 

decrease in the height of the specimen. To assure the proper specimen height, place a stiff sheet 

of high polymer film 1 to 1.5 cm taller than the mold around the inner perimeter of the mold. The 

stabilized soil can then be poured above the top edge of the mold. The exposed soil needs to be 

sealed using the sealant. The stiff sheet of polyethylene also acts as a specimen protector when 

the specimen is removed from the mold. 

When a cast-iron split mold is used, it is important not to hit the mold with excessive impact 

and to ensure the mold screw is tightly fastened. If the screw is loose, air can enter from the 

seam, and air bubbles are observed indefinitely. 

b) Measurement of stabilized soil water content. The water content of the stabilized soil is 

measured for each mixing bowl. Comparing the water content before and after mixing enables 

the detection of mistakes in material amounts in the early experimental stage. 

c) Other tips. For a cast-iron mold, a circular piece of high 

polymer sheet for the bottom of the mold and a rectangular piece 

for the inside perimeter wall may be placed to avoid rusting 

(Figure 5.7.2).  

Other tips in making the specimen are as follows. 

 Some stabilized soil hardens quickly enough to be 

noticeable during the specimen-making process. In such a case, 

the mixed stabilized soil must be placed in molds as quickly as 

possible to be able to perform air removal. Tactics such as increasing the number of specimen 

preparation personnel or mixing in smaller quantities may need to be employed. 

 The soil and binder of sandy stabilized soil tend to separate easily during mixing or 

pouring into molds. This is especially true for binder in slurry form. This causes the strength 

measured in laboratory experiments to lag behind the actual strength. This is one of the reasons 

for statements such as “In the case of sandy soil, the ratio of the field strength quf to the 

 
Figure 5.7.2: Procedure to 

avoid mold rusting. 
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laboratory strength qul is much greater than that of clayey soil (quf/qul = ½ to 1)” 10), 11). To 

prevent separation, mix the stabilized soil by hand in a mixing bowl and quickly scoop it into the 

mold using a spoon. 

 If the binder is in slurry form and the soil is uniform sandy soil with less fines content, 

excessive tapping of the mold for air removal may cause the density and strength to decrease. 

 If the binder is in powder form, and the soil is loam or clayey soil with sand, mixing with 

an electric mixer may cause the mixture to form lumps. If this happens, the soil needs to be 

broken up as it is poured into the mold. 

(3) Curing. Curing of specimens is specified to be carried out at 20 ± 3°C over a prescribed 

duration of time. The mold and/or specimen need to be covered with the sealant. The curing 

temperature significantly affects the unconfined compressive strength9), 12). Also, if the mold is 

not properly sealed under a low humidity curing environment, the specimen may dry and crack. 

The following are two desirable curing procedures. 

 Place the sealed mold or the specimen in a humidity-controlled container (relative 

humidity above 95%) and cure it in a temperature-controlled room or container. 

 Cure the tightly sealed mold or specimen in a water-filled tank in which the temperature of 

the water is controlled. Special care must be taken to avoid tears in the sealant material and to 

maintain the tightness of the sealant. 

The reason for not curing the specimen directly under water is that the actual curing of the 

stabilized soil occurs mostly underground where there is no migration of water. 

In the case of sandy soil, the shear strength of stabilized soil increases if, during curing, the 

soil is triaxially consolidated. For this reason, it is said that the unconfined compression test may 

underestimate the strength and stiffness of the stabilized soil13) . 

(4) Mold Breaking. Once the strength of the stabilized soil specimen reaches a sufficient 

level, the specimen may be taken out of the mold during the curing process. The exposed end of 

the specimen must be shaped properly before removing it from the mold. The removed specimen 

should be put in a polyethylene bag or wrapped with high polymer film (such as food storage-

type plastic wrap) and placed back in the curing container to complete the curing process. To 

avoid possible deformation due to excess load, the wrapped specimens should not be stacked. 
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7.3.5 Reporting 

If the soil characterization tests are performed on raw soil samples, it is desirable to report 

their results. Physical property characterization tests that are relevant to the effects of soil 

stabilization are JIS A 1202 (density of soil particles), JIS A 1203 (water content), JIS A 1204 

(particle size distribution), JIS A 1223 (fine fraction content), and JIS A 1225 (bulk density). 

Relevant chemical property characterization tests are JGS 0211 (pH of suspended soils), JIS A 

1226 (ignition loss), and JGS 0231 (organic carbon content). 

In the report for stabilized soil, the amount of binder should contain both the binder factor as 

well as the binder content. Both should be noted in the report as they are most commonly used. 

There are other definitions on the binder amount such as  the ratio of the binder mass to the 

wet soil mass and  the volume of binder per m³ of the soil.  

If an admixture is used, report its type and amount used. Also, the  report should include the 

data on the amounts of all materials such as soil sample and binder measured during the 

preparation procedure. 

Figure 5.7.3 shows the example format for the specimen fabrication report. 
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Figure 5.7.3: Example format for test report. 

Binder  Admixture*  
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For saturated soil, determine the required material amounts by the equations below. 

 Soil Mass Tm  (g) : 

Wet Density = {1 +         ⁄ 100} ⁄  {1 ⁄         +          ⁄ 100} 

 =  

Tm  (g) =          ×            ×           ×  

 

 Binder Mass Hm  (g) 

Soil Dry Mass =           ⁄  (1 +         ⁄  100) =  

Hm  (g) =            ×             ⁄ 100 =  

 

 Binder Content (kg/m³) = {10 Tρ  ⁄ (1 + w  ⁄ 100)} × Binder factor 

 Mass of Slurry Mixing Water Wm  (g) 

Wm  (g) =            ×              ⁄ 100 = 

 

 Admixture Mass Am  (g) 

Am  (g) =            ×              ⁄ 100 = 

 

Note: 

Tρ  (g/cm³) 

w  sρ  w

soil grain
density

# of 
 specimens 

volume 
of mold 

Tρ extra*** 

Dm  (g) 

Tm w

Dm binder/soil 
ratio 

Hm water/binder 
ratio 

Hm Admixture 
amount 

notes:  
* only if used 
** ratio w.r.t. binder mass 
*** normally 1.1 ~ 1.2
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7.4 Usage of Specimens 

In this section, only unconfined compression tests are considered for use on specimens. Aside 

from the unconfined compression tests, specimens fabricated according to this standard can also 

be used for triaxial tests, simple tensile strength tests, splitting tensile strength tests, cyclic 

triaxial tests, and fatigue strength tests 15), 16), 17). References 8) and 18) cover the application of 

these test results to the design of improved ground by stabilized soil. 

Table 5.7.1 shows an example of  unconfined compression test results for combinations of 

various soil types and binders9) . From the table, several observations can be made regarding the 

binder. Such tests can be used to assess the selection of binder type. 

Marine clayey soil typically contains little organic matter. Ordinary Portland cement or blast 

furnace slag cement (type B) is often used as a binder for this type of soil. It is desirable to test 

which of the two is more effective for a particular soil sample. It has been reported that the 

effectiveness depends on locality19) . In general, Portland cement is more effective with highly 

pozzolanic soil, and conversely blast furnace slag cement is more effective with less pozzolanic 

soil. Meanwhile, for organic soil, special cement called cement-type soil harnener is more 

effective than either Portland cement or blast furnace slag cement. However, there is no special 

cement that is effective with all soil types. For the best results, select an appropriate binder for 

each soil type. Reference 20 proposes a binder selection procedure that considers the various 

types of organic matter in peat, taking the available soil data into account. Also, in stabilizing 

sandy soil with low fine grain content, type-B blast furnace slag cement or slag cement with an 

even higher slag content is more effective than ordinary Portland cement21) . Lime is said to be 

effective in stabilizing volcanic clay with high water content22). 

When a unconfined compression test of stabilized soil is performed, special attention is 

required regarding the capacity of the compressive strength testing machine and load 

measurement device since the stabilized soil typically possesses high strength compared to 

untreated soil. Also, when measuring the secant modulus Es or the tangent modulus Et of the 

stabilized soil, the following should be considered:  provide parallel and smooth end surfaces 

of the specimens by capping or grinding the ends,  use a high capacity compressive strength 

tester and load measurement device, and  use a high resolution displacement transducer. In 

relation to this, Reference 24 points out the necessity of using a local deformation transducer to 
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measure the axial strain within the range of 10–6 and 10–2  

from which the bedding error (as shown in Figure 5.7.423)) 

is excluded. 

Lastly, on the effect of dimensions of stabilized soil 

specimens, the Building Center of Japan studied the 

relationship between the results of large-scale unconfined 

compression tests using full-scale treated soil columns and those of core sample specimens25). As 

shown in Figure 5.7.5, the actual strength is roughly 69% of the core sample strength. Further 

debate and research on the specimen dimension effects are currently being conducted. 

 

 
Figure 5.7.5: The relationship between actual size sample strength uq and  

average core sample strength uq . 
 

 

 

 

 

 
Figure 5.7.4: Illustration of bedding 

error (excerpted from Ref. 23). 
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------------------------------------------------------------------------------------------------------------------ 

  

  Appendix A for the English translation  

        All the references cited in the original JGS Standard are materials written in Japanese. The 

following list of papers are not a part of the JGS standard, but may help understand the State of 

Practice of deep mixing in Japan. 

 

Yonekura, R., Terashi, M. and Shibazaki, M.  Editors (1996) "Grouting and Deep Mixing", 

Proceedings of the 2nd International Conference on Ground Improvement Geosystems, 

Tokyo, 2 volumes. Balkema 

Terashi, M. (2001). ”Development of deep mixing in the past quarter century.", Proc. of 

Material Science for the 21st Century, Vol. A for Invited Papers, pp. 180-193, The 

Society of Material Science, Japan 

        CDIT (2002). “The Deep Mixing Method – Principle, Design and Construction.”   Edited 

by Coastal Development Institute of Technology, Balkema, Rotterdam 

        Terashi, M. (2003) The State of Practice in Deep Mixing Method, Keynote Lecture at the 

3rd  International Conf. on Grouting and Deep Mixing, ASCE Geotechnical Special 

Publication No. 120, pp. 25-49 
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Appendix B for the English translation 
 

Electric Soil Mixer:  In most cases, the electric mixer such as the one shown in the photograph 
is used.   
    The capacity of bowl ranges from 5,000 to 30,000  
cm3.  Different type of paddles are available but for 
most of the case hook type is preferred for uniform 
mixing. 
    In this particular soil mixer, the paddle revolves at 
120 to 300 rpm with planetary motions of 30 to125 rpm. 

The stand of the mixer enables the raising and 

lowering of the bowl during mixing.  
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Table 5.7.1: Unconfined compressive strength of various stabilized soils.  

notes: 1) NP: ordinary Portland cement; SP: Type-B blast furnace cement 
2) C slurry: cement slurry; CB slurry: cement-bentonite slurry 
3) W/C: water/cement ratio 
4) Binder/Soil ratio (%): Ratio of binder mass to dry soil mass; Amount of binder: binder mass (kg) per  m³ of test soil 
5) The unconfined compressive strengths of stabilized soil with quicklime is obtained from the figure in Reference 9 
6) Organic contents of soil are determined according to JGS T 231 “Testing Procedure for organic content of soil” (chromic acid oxidation method) 

Soil Binder Unconfined 
Compressive Strength 

Grain Size Composition qu (kN/m²) Sample 
Location Soil Type 

Water 
Content 

(%) Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Liquid 
Limit 
(%) 

Plastic 
Limit 
(%) 

Organic 
Content 

(%) 
Type Powder / Slurry 

(W/C) 
Binder/Soil Ratio 

 (amount of binder) 7 days 28 days 

NP 13.5 (100) 2,140 2,870 
SP 13.5 (100) 1,180 1,990 
NP 27.0 (200) 4,050 5,490 

Yokohama 
Bay 

Marine 
Soil 97.9 6.4 37.5 56.1 95.4 32.3 3.6 

SP 

C slurry (60 %) 

27.0 (200) 3,690 5,960 
NP 13.1 (100) 950 1,400 
SP 13.1 (100) 980 1,470 
NP 26.2 (200) 1,490 2,750 Osaka Bay Marine 

Soil 93.9 3.5 30.8 65.7 79.3 30.2 2.7 

SP 

C slurry (60 %) 

26.2 (200) 3,150 4,890 
NP 12.0 (100) 540 830 
SP 12.0 (100) 490 830 
NP 24.0 (200) 1,130 2,060 Imari Bay Marine 

Soil 83.3 2.2 44.5 53.3 70.4 24.2 4.3 

SP 

C slurry (60 %) 

24.0 (200) 2,190 4,250 
NP 4.6 (50) 530 730 
SP 4.6 (50) 160 350 
NP 6.8 (75) 1,260 1,760 
SP 

C slurry (80%) 

6.8 (75) 580 1,090 
NP 22.8 (250) 700 1,510 

Tokyo 
Prefecture Land Soil 54.0 5.0 53.0 42.0 44.7 23.9 3.8 

SP CB slurry (200%) 22.8 (250) 1,110 2,410 
NP 15.3 (300) 460 910 
SP 15.3 (300) 560 1,800 Funabashi, 

Chiba Land Soil 14.2 95.6 3.1 1.3 – – – 
Slag 

CB slurry (80%) 
15.3 (300) 1,110 2,860 

NP 72.5 (250) 130 190 
SP 72.5 (250) 140 160 Fujishiro, 

Ibaragi Land Soil 236 – – – 251 92.7 25.2 
For Organic Soil 

C slurry (80%) 
72.5 (250) 490 780 

NP 85.0 (250) 140 250 
SP 85.0 (250) 98 200 Nangoku, 

Kouchi Land Soil 295 – – – 272 69.1 17.6 
For Organic Soil 

C slurry (80%) 
85.0 (250) 590 1,570 
10 (–) 540 740 Haneda Reclaimed 

Land Soil 160 1.0 33.0 66.0 99.1 39.7 4.8 Quicklime Powder 20 (–) 640 1,370 
10 (–) 1,670 2,740 Yokohama Reclaimed 

Land Soil 102.5 9.9 44.6 45.5 78.8 39.1 2.95 Quicklime Powder 20 (–) 2,350 3,720 
Naruo, 
Hyogo 

Marine 
Soil 90.2 2.0 26.1 71.9 83.0 31.4 – Quicklime Powder 10 (–) 250 690 
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Official Opening of Technical Exhibition
Conference Secretary

Westberg, G.
Swedish Geotechnical Institute, SE-581 93 Linköping, Sweden
gunnar.westberg@swedgeo.se

Dear colleagues,
As mentioned during the Opening Session, one of the main
objectives of this conference is to provide a platform for
personal and professional interaction. In this context, the
Technical Exhibition forms an integral and important part of
this conference and will be a natural meeting place between
delegates and exhibitors.

Technical Exhibition
I am pleased to introduce some of the leading companies of
our profession, as well as technical and professional
organisations from different parts of the world, which are
participating in the Deep Mixing ´05 Exhibition.

When visiting the exhibition you could learn about important
areas of deep mixing technology, such as:
• Recent developments in the area of binder materials, new

design concepts, innovative mixing techniques and
installation processes as well as monitoring and quality
control methods.

• Presentation of R&D results from universities, research
institutes and documentation of practical experience from
well-documented field and laboratory studies.

• Case records demonstrating new applications of deep
mixing, prediction and performance from design and
construction.

You will be able to meet representatives of all exhibitors when
visiting the Exhibition hall, for instance during the session
breaks and after lunch. It is important to note that the exhibition
is not limited to deep mixing technology, but also includes
other interesting applications of methods for ground
improvement, foundation and field investigations.

As a special attraction, leading professional organisations
will be giving presentations during the conference breaks in
the Speakers Corner – which you should not miss! The
schedule of these presentations are located at the Registration
desk and in the Exhibition.

Internet Exhibition
I would also like to draw you attention to the Internet
Exhibition, a new and powerful way of disseminating
information about products and services. The Internet
Exhibition has been organised as a complement to the

Technical Exhibition at the conference and has been joined
by conference exhibitors as well as companies and
organisations not present at the conference. The Internet
Exhibition is available world-wide via the conference Web
site and will be open until November 30, 2005.

At this point I would like to thank all the participating
companies and supporting organisations as wells as conference
partners for their important contributions!

Formal Opening
I would now like to invite you to visit the Technical Exhibition
and to take advantage of this possibility to exchange ideas,
learn about new developments and establish technical and
commercial contacts.

Welcome to visit the exhibition!
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Participants, Partners and Technical Exhibitors

Rydell, B.
Swedish Geotechnical Institute, SE-581 93 Linkoping, Sweden
bengt.rydell@swedgeo.se

Westberg, G.
Swedish Geotechnical Institute, SE-581 93 Linköping, Sweden
gunnar.westberg@swedgeo.se

Participants at Deep Mixing ´05
The total number of participants at the conference was 293
and came from 26 countries. Of these,  259 delegates joined
the Technical Program together with 19 exhibitors.
Furthermore, 15 guests participated in the Accompanying
Program.

The participants came from Europe (76 %), Asia (14 %) and
North America (9 %).

Partners and supporting organisations
An international conference of the shape of Deep Mixing ́ 05
cannot be realised without the invaluable support by partners
and supporting organisations as well as the contributions of
many individuals and leading professional organisations. The
contributions were given in terms of finance, participating in
the Exhibition and non the less in an impressive number of
free hours by the companies and organisations in the Swedish
Deep Stabilization Research Centre.

Main Partners

       CDM Association                                DJM Association                Hercules Grundläggning AB

Lime Column Method AB (LCM)                 Skanska Foundation Group            Swedish Geotechnical Institute
            Sweden                                             (SGI)

Partners

Bauer Maschinen AmbH                  Cementa AB/Heidelberg Cement Group                  Nordkalk AB

               Sweco                  WSP Sverige AB

http://www.djm.gr.jp
http://www.cdm-gr.com
http://www.skanska.se/grundlaggning
http://www.swedgeo.se/index-e.html
http://www.hercules.se/eng_start/index.asp
http://www.lcm.se
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Technical Exhibition
A great response was received on the invitation to the Technical
Exhibitions – the Conference Exhibition on site and the
Internet Exhibition. This was most important as one of the
main objectives of the conference was to provide a platform
for personal and professional interaction. In this context, the
Conference Exhibition formed an integral and important part
of the conference. The location close to the conference hall
supported a sphere of informal interest and technical
information during coffee and lunch breaks.

Furthermore, as a special attraction, leading professional
organisations were giving presentations during the conference
breaks in a Speakers Corner, located in the centre of the
exhibition. Representatives from Main Partners informed
about the services, products and ongoing activities in the deep
mixing area.

Conference Exhibition
At the Technical Exhibition at the conference 20 companies
and organisations participated, from 6 countries. The

exhibition was not limited to deep mixing technology, but
also included other interesting applications of methods for
ground improvement, foundation and field investigations.

Several areas of deep mixing technology was presented, such
as:
• Recent developments in the area of binder materials, new

design concepts, innovative mixing techniques and
installation processes as well as monitoring and quality
control methods.

• Presentation of R&D results from universities, research
institutes and documentation of practical experience from
well-documented field and laboratory studies.

• Case records demonstrating new applications of deep
mixing, prediction and performance from design and
construction.

Main Partners and Partners participated in the Conference
Exhibition together with the following companies:

Supporting Organisations

European Federation of Foundation    International Society of Soil Mechanics    The European Cement Association
                     (EFFC)                        and Geotechnical Engineering (ISSMGE)                 (CEMBUREAU)

              The Swedish Research Council for                                          The Development Fund
              Environment, Agricultural Sciences                                  of the Swedish Construction Industry
                  and Spatial Planning (Formas)                                                            (SBUF)

          BAT Cofra AB                                   Deep Foundations Institute (DFI)                Environmental Mechanics AB

Ideachip Oy                       Ramböll                          Vibisol International AB      Sidla & Schönberger               Soilex
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Internet Exhibition
The Deep Mixing ´05 also included an Internet Exhibition, a
new and powerful way of disseminating information about
products and services. The Internet Exhibition was organised
as a complement to the Technical Exhibition at the Conference
and was joined by conference exhibitors as well as companies
and organisations not present at the conference. The Internet
Exhibition is available world-wide via the conference Web
site and will be open until November 30, 2005.

The following companies and organisations participated in
the Internet Exhibition:

Contractors
• Bauer Maschinen GmbH
• Hercules Grundläggning AB
• Lime Column Method AB
• Skanska Foundation Projects Sweden
• Soletanche – Bachy

Authorities & Associations
• Banverket
• Cembureau
• Cement Deep Mixing (CDM)
• Deep Foundation Institute (DFI)
• Dry Jet Mixing Method (DJM)
• European Federation of Foundation Contractors (EFFC)
• The Swedish Research Council for Environment,

Agricultural Sciences and Spatial Planning (Formas)
• International Society of Soil Mechanics and Geotechnical

Engineering (ISSMGE)
• STARNET
• Swedish Deep Stabilization Research Centre
• The Development Fund of the
• Swedish Construction Industry (SBUF)

Consultants
• Geo Engineering AB
• Ramböll
• SWECO
• Tyréns
• Webforum Europe AB
• WSP Sverige AB

Material & Suppliers
• BAT Cofra AB
• Environmental Mechanics AB (ENVI)
• Cementa/Heidelberg Cement Group
• Nordkalk AB
• Soilex
• Vibisol International AB

Universities & Institutes
• Chalmers University of Technology
• Luleå University of Technology
• Swedish Geotechnical Institute (SGI)
• University of Cambridge
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Exchange of ideas on the Internet
An important aspect of the conference was to establish advance
contact and interaction between authors and registered
participants, thereby facilitating the exchange of ideas and
information during the conference. In addition to the
conference Web Site, a password-protected communication
platform was available to registered participants. Access to
the platform was available from March 1, 2005 until November
30, 2005. The platform had the following objectives:

Deep Mixing on the Internet

• Interaction between authors, session officials and
conference participants prior to the conference.

• Time to read submitted papers prior to the conference.

• Technical input for planning the Technical Sessions and
Discussion Sessions.

• Turnstile function between different representatives of
the deep mixing market.

A post-conference dialogue area was kept open, offering the
opportunity to maintain contact even after the conference.

Internet Poster Session
An Internet Poster Session enabled authors and conference
participants to interact. The Internet Poster Session (IPS) was
established before the conference at the password-protected
area, where a discussion between authors of papers and
registered participants could be held. After the review accepted
papers were published on the Conference Internet platform to
which all registered participants had access. The abstracts of
all papers were published at the Conference Web Site. The
Internet Poster Session (IPS) was available three months before
and six months after the conference.

The Internet Poster Session (IPS) provided over an extended
times an excellent opportunity to interact with authors of all
submitted papers.

Registered participants, officials and authors of papers had
access to the password-protected communication platform,
where all accepted papers were posted in PDF format.
Discussion of individual papers was possible using easy-to-
use discussion functions. The evaluation has shown that the
most appreciated part was the possibility to read papers before
the conference.

Discussion Forum
A Discussion Forum was available to all registered participants
and conference officials’ three months before and six month
after the conference. Authors and participants were able to
discuss several specific subjects related to each theme of
session.

The conference provided the personal contacts between
discussion forum participants. During more than seven months
authors can have quality Q&A with peers.

Internet Exhibition
The deep Mixing ´05 also included an Internet Exhibition, a
new and powerful way of disseminating information about
products and services. The Internet Exhibition was organised
as a complement to the technical Exhibition at the Conference
and was joined by conference exhibitors as well as companies
and organisations not present at the conference.  The Internet
Exhibition was available world wide via the conference Web
Site: www.deepmixing05.se
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Technical Visit – Deep mixing in practice

Moritz, L.
Vägverket, Region Mälardalen,Box 1140, 631 80 Esilstuna, www.vv.se
lovisa.moritz@vv.se

1 DEEP MIXING IN PRACTICE
The Technical tour included demonstrations of installation of
lime/cement columns and a bore rig with column field testing
equipment mounted. The tour started immediately after the
Closing session on Wednesday 25.

In connection with the tour to Uppsala, the buses passed
through the Stockholm metropolitan areas where several,
recently completed interesting infrastructure were shown.

2 INSTALLATION OF LIME/CEMENT COLUMNS
FOR BÄRBYLEDEN AT UPPSALA

An extensive installation of lime/cement columns was ongoing
for Bärbyleden, a main road connecting the new highway E4
at Uppsala town, about 70 km north of Stockholm. The difficult
ground conditions, with deep layers of soft clay require
improvement by 330 000 m of columns with diameters of
600-800 mm. Deep mixing was carried out in order to increase
the stability of road embankments and to reduce settlements
at bridge approach embankments.

Representatives of the National Road Administration
(client) and the foundation contractor LCM informed about
the construction project, challenges and geotechnical
requirements etc.

The installation of lime/cement columns was demonstrated.
Columns where the surrounding soil was excavated were
visible.

A bore rig with the (Swedish) traditional column test
equipment the lime/column penetrometer was presented.

3 DESIGN ADAPTED TO THE ENVIRONMENT
Major part of Bärbyleden is the designed to be situated below
ground level. This design helps to reduce noise from the traffic.
Bärbyleden will cut through the ridge of Uppsala called
“Uppsalaåsen” which is an environmental protected area due
to its groundwater reservoir. This groundwater reservoir is
also the major supply source of fresh water for the habitants
of the city of Uppsala.
The groundwater needs to be protected from contaminations
from traffic. This is performed by watertight membranes and
dams where the water will be collected and thereafter purified.

3.1 Facts about Bärbyleden
Bärbyleden will be about 2,6 km (1.6 mile) long Bärbyleden
with 2 lanes in each direction which is parted by a 3-meters

central strip. The road will mainly be excavated down below
the original ground level. Pedestrians and cyclists will cross
the road in tunnels or on bridges.

1.1.1 Traffic flow
The traffic on Bärbyleden is calculated to be 23 000 AADT
(average annual daily traffic) in year 2020. The road 55 aims
to provide better traffic safety and trafficable.

The new highway is build outside the city of Uppsala and
to be able to reach the highway an onramp and an offramp is
built to connect Uppsala with the new highway. Bärbyleden
will help to reduce traffic through the inner city areas by
offering a smooth and easy alternative link. Once the traffic
has diminished in the city safety for pedestrians and cyclists
will increase.

1.1.2 Costs
The investment costs of building Bärbyleden is 300 millions
Skr (33 million Euro or 41 million US$). The subcontractor
for the ground improvement with lime/cement columns, is
LCM AB. There will be about 330.000 meters of lime-cement
columns.

Road 55, Bärbyleden 3 in Uppsala.
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1.1.3 Time of construction
The planned time for construction is 3 years. The highway E4
is for the moment built outside around Uppsala and will be
open for traffic in the autumn of 2007. Bärbyleden needs to
be opened at the same time as the highway E4.

4 GEOTECHNICAL CONDITIONS
Bärbyleden will mainly be located in a 3-8 meters (10 to 26 ft)
trench through the landscape. The first 400 metres will cut
through a ridge called Uppsalaåsen and thereafter the soil
profile will be more or less similar along the road.

The soil profile consists of about 2 meters (approximately
6 to 7 ft) of dry crust (clay) on maximum 22 metres (72 ft) of
soft clay. This soft clay overlays coarse soil and bedrock. The
water content of the soft clay is about 50 % and the unit weights
range from 16 to 18 kN/m3 (95-115 pcf). The shear strength
is estimated to be between 13 to 20 kPa (0.14 tsf to 0.21 tsf).
In some sections the investigation show that the soft clay has
a minor sulphuric content where the water content increases
to 70 %. In some parts in the middle and in the end of the
profile extensive fill materials have been found. The ground
water surface is about 2 meters (approximately 6 to 7 ft.) below
the ground level, but it is observed that it can vary up to
3 meters within this area.

5 GEOTECHNICAL ASPECTS
The low shear strength will cause problems with the slope
stability of the outer side of the embankment slopes. The slopes
will be improved with lime-cement columns. The columns
will be set as panels. There will also be some embankments
close to the bridges for the crossing roads, which are stabilised
with lime-cement columns to reduce the settlements.

The excavation volume will be approximately 450 000 m3

(1.6 million cf.). It is predicted that the remaining clay will
swell about 10 to 20 centimetres (4 to 8 in.) when it is unloaded.
This phenomenon might course problems with the foundation
of the bridges and also with the crown elevation of the road.

The ground water level in the ridge is varying with the
outtake of groundwater to support Uppsala with fresh water.
Because of the varying ground water level we also have
problems with hydraulic uplift in some areas.

A cross section with stabilized outer slopes.

6 THE GEOTECHNICAL DESIGN OF
LIME-CEMENT COLUMNS

In the area with stability problems the major part of the
columns will be set as panels. But in some difficult geometrical
areas they will be made as singular columns even for slope
stabilisation. In the discs the columns will overlap each other
about 0,1 m (4 in.). The diameter of the columns will be 0,6 m
(24 in) or 0,8 m (32 in). The design value of the shear strength
that has been used is 100 kPa (1.05 tsf) after 30 days for each
column.

There have been made several prestabilizations in the
laboratory, which has given good results with shear strength
over 200 kPa (2.1 tsf) after 60 days. There will also be three
areas of test columns in the field before the production starts.
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Technical Visit – Bärbyleden, Uppsala

Kuokkanen, M.
LCM - Lime Column Method AB, Östra Lindomevägen, 437 34 Lindome, Sweden
mari.kuokkanen@lcm.se

Dahlström, M.
LCM - Lime Column Method AB, Östra Lindomevägen, 437 34 Lindome, Sweden
marcus.dahlstrom@lcm.se

It was a nice sunny early summer afternoon when three busses
filled with enthusiastic Deep Mixing delegates from all around
the world were greeted by personnel from LCM at a work site
called Bärbyleden, situated 70 km north of Stockholm. The
visitors were handed safety helmets and vests to wear. At first
they got a presentation and general information about the
construction site, including the amount of columns, binder
content, length of the columns etc. After that, the delegates
had the opportunity to see the excavated columns, the machines
and testing of the columns. During all time LCM-personnel
were around to answer any questions that was raised.

At the site LCM demonstrated:
• How the LCM-machine units work in production.
• The mixing tool called “Pinnborr” which is used in the

project. The design of the mixing tool, how the tool delivers
the binder and the drilling capacity.

• Production testing of the lime cement columns, with the
test method FKPS (Predrilled column penetration test).
The tests were performed by the consulting company
Bjerking, with standard test equipment for FKPS-testing
in Scandinavia.

• Excavated columns. The columns were installed in rows
consisting of columns with a diameter of 600 mm and with
a binder content of 25 kg/m. Trials showed that the shear
strength in the columns varied between 100 – 400 kPa.
The excavation was made so that the visitors could actually
walk on the columns and touch them. This seemed to be a
good way to observe the stabilisation effect on clay.

Bärbyleden is one of LCM’s largest work sites this year. LCM
is one of the main contractors of lime cement columns in the
world, with experience of similar work sites along the main
highways and other constructions e.g. railways, buildings and
slopes in Scandinavia. The method with lime cement columns
has proven to be a good method to improve the ground stability
in areas where the strength in the unstabilised soil varies
between 3 – 40 kPa.

The dry deep mixing method is a suitable method for stabilising
soft soil, not only in Scandinavia. The method is also used in
other parts of the world, e.g. Great Britain, North America
and South East Asia.

Excavated lime
cement columns.
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Social Program
Accompanying Guest Program

Post Conference Tours
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Get Together Evening – Sunday, May 22
An informal Get Together Evening was held at the Strand
Hotel, which is located in the heart of the city overlooking the
beautiful waterways of Stockholm.

Social Program

Welcome Reception – Monday, May 23
After an intensive first conference day, delegates and
accompyning guests boarded a cruise liner for an evening in
the Stockholm archipelago with over 24,000 islands. The
participants enjoyed a cocktail party as the ship glided through
the ever-changing scenery.



Deep Mixing´05 849

Volume 2

A special program including all social activities and guided
tours were organised for accompanying guests during the
conference.

Conference Banquet – Tuesday, May 24
The Conference Banquet was given at the Vasa Museum, a
unique cultural landmark in the heart of Stockholm. The Vasa,
a warship built in 1628, sank in Stockholm harbour on its
maiden voyage and was salvaged 333 years later. On the
occasion of the Conference Banquet, the museum was
transformed into a fascinating setting with all the guests seated
in front of the bowsprit.

Drottningholm Palace – home of the Swedish Royal
Family.

The Old Town of Stockholm.

Accompanying Guest Program

Drottningholm Palace – Tuesday, May 24
On Tuesday May 24, there was a guided tour to Drottningholm
Palace, the home of the Swedish Royal Family. Here the
accompanying guests could see the Drottningholm Court
Theatre, one of the few surviving 18th century theatres with
original sets and stage equipment. The palace, together with
the court theatre, its park and Chinese Pavilion are one of the
five Swedish cultural heritages that are noted on UNESCO’s
list for world preservation.

Medieval Centre of Stockholm – Monday, May 23
A guided tour of the well-preserved centre of Stockholm, a
city where you are never far from the water. The tour took the
accompanying guests through one of the world’s most
interesting medieval environments, a highlight being the
cobblestone streets and narrow alleys of the Old Town.
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1 VISIT TO SWEDISH GEOTECHNICAL INSTITUTE
AND GÖTA CANAL

This one day trip from Stockholm to the city of Linköping,
which is located 200 km south of Stockholm, included a
technical visit at the Swedish Geotechnical Institute (SGI) and
information and a visit to the Göta Canal.

The Swedish Geotechnical Institute – a main geotechnical
centre of Sweden.
The program included a presentation of SGI activities on R&D,
knowledge dissemination and consultancy:
• General information on SGI
• R&D activities
• Laboratory investigations and testing of stabilised soils
• SGI Information Service incl. demonstration of the

database SGI-Line

The lunch was served at the restaurant in the Old Town of
Linköping, a wonderful area including the former buildings
of Linköping.

Göta Canal
After the visit at the SGI, the tour continued to the flight of
locks at the Göta Canal – an impressive engineering structure,
built during the early 1900 century. Most of the Göta Canal
was excavated by hand using iron-shod wooden spades. Work
mainly consisted of digging, blasting and dressing stone.
Several then new construction and foundation techniques were
introduced during the construction of the channel.

The visit was concluded by coffee and tea served at a
restaurant close to the channel.

2 VISIT TO NORWEGIAN GEOTECHNICAL
INSTITUTE

The Norwegian Geotechncial Institute (NGI) had invited
delegates and accompanying guests to visit NGI. A few
delegates from the Deep Mixing ´05 took the opportunity to
visit NGI in Oslo, the capital of Norway. They received
information on the activities of NGI and had a tour of NGI’s
laboratory and model testing facilities, and the famous
Terzaghi’s and Peck’s libraries.

Post Conference Tours

The Old Town of
Linköping.

A modern Baltzar von Platen, the developer of the
Göta Canal.
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                      Accompanying Guests

Name Town Country

Baart Willeke Havelte THE NETHERLANDS
Boocock Rose Silverdale NEW ZEALAND

Cali Roxanne F. New Orleans USA
Çevik Muzaffer Ankara TURKEY

Dogan Veli Ankara TURKEY

Erol Reyhan Ankara TURKEY
Essler Sally Maria Skipton UNITED KINGDOM

Filz Lindy T Blacksburg USA

Jacobson Corey Asheville USA
Jones Joy Santa Monica USA

Kus Mateusz Slawkow POLAND

Maertens Trees Beerse BELGIUM

Quickfall Ingrid Maria Silverdale NEW ZEALAND

Seaborn Guy Cambridge UNITED KINGDOM

Weatherby Lynn Sterling USA

Exhibitors

Name Company Town Country

Abebe Aschalew SWECO VBB AB Stockholm SWEDEN

Compton Geordie Deep Foundation Institute Hawthorne USA

Dehlbom Björn Ramböll Falun SWEDEN

Gerressen Franz-Werner BAUER Maschinen GmbH Schrobenhausen GERMANY
Gullman Ylva Hercules Grundläggning AB Solna SWEDEN

Helin Juha LCM AB Lindome SWEDEN

Karlsson Göran Swedish Geotechnical Institute Linköping SWEDEN

Lundeberg Gerdt Cementa AB Danderyd SWEDEN

Malkamäki Jorma Ideachip OY Hollola FINLAND
Massarsch K. Rainer Vibisol International AB Bromma SWEDEN
Melander Kenth Environmetal Mecanichs Alingsås SWEDEN

Nordfeldt Lise-Lotte Skanska Grundläggning AB Solna SWEDEN
Nozu Mitsuo DJM Association Tokyo JAPAN

Rodenstam Sten Nordkalk AB Malmö SWEDEN

Sellgren Eskil WSP Stockholm-Globen SWEDEN

Tokunaga Sachihiko CDM Association Tokyo JAPAN
Torstensson Erik BAT Cofra AB Vallentuna SWEDEN

Wagner Johann Sidla & Schönberger Schöllnach GERMANY
Wetterling Staffan Soilex AB Stockholm SWEDEN
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