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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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State of Practice Reports



State of Practice Report  
– Field and laboratory investigations, properties of binders and stabilized soil
 
 
 
Kitazume, M. 
Port and Airport Research Institute, 3-1-1 Nagase, Yokosuka, Japan 
kitazume@pari.go.jp 
 
 
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). 

 
 



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-



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).  





 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (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 

 
 
 
 







 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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. 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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.  
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
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. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
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-





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). 



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 







 

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 





 

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. 

 



 

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 
    



 

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 



 

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 

 







  

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 

Selected region for 
numerical analysis

Lattice-shaped 
improved ground

 

Liquefiable sand  
deposit 





  

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, 



  

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. 



  

 
 

 
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). 
 

 
 
 
 



  

 
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. 
 





  

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 



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 



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 



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  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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). 



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  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
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). 



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). 
 
 


























































































































































































































































































































