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Preface

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

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

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

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

Linköping, May 2005

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

Advisory Committee

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

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

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

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

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

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

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

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

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

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

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

Volume 1: Recent Advances
Regional Reports
Technical Papers
Keynote Lectures

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

and symposium: Research of 
Cement treated soil  
 

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

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

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

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

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

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

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

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

 
4 Standardisation work and relevant 

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

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

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

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



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

Chapter 1 Introduction 
Chapter 2 Design 
Chapter 3 Construction 

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

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

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

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

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

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

 
Table 5.1 General application of Deep Mixing for each Asian countries 

Nations Type of 
Mixing 

Diameter 
(m) 

Maximum 
depth 

Main purpose and Construction records 

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

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

Japan 
 

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

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

Korea Wet 1.0  Not so many cases 

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

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

 
 
6 Typical applications of wet mixing 

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

 
Figure 6.1 shows the main applications for deep mixing 
method. 

In Japan, the accumulative volume of treated soil using 

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

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2. Location of projects introduced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 

 
 

Haneda airport

 

Yodo river

 
Fukishima Port

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

Figure 6.1 Main applications for deep mixing method in Japan 



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

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

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

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



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

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

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

-2.5m 
 
Excavation                    DMM 

-11.7m               
 
 
 
 
-23.3m 



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

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

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



         Table 6.1 Specification of DMM in Bangkok 
Application Widening of Road Column length 10-15m 

Diameter 600mm Improvement ratio 12.6%, 1.5m*1.5m, Square 
Purpose of 

Improvement 
Reduce settlement 

and Increase stability Agent Ordinary Portland Cement 

Duration 1997-1999 Design strength 0.3MN/㎡ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.15 Monitoring section of Expressway widening project near Bangkok 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.16 Time Settlement relationship on ground between and above columns 



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

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

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

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

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

   Differential settlement  Total settlement 

Surface 
Improvement*
1) 

No surface 
Improvem
ent 

Floating 
type  

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

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

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

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

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

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

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

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

1:1.8     H=8m 

(a)Conventional type 

(b)LiDM 



(a)Total settlement in Floating type: “Estimate Young 
modulus of composite ground and stress distribution in 
unimproved area” 
The settlement 1h∆ , which is from ground surface to the 
improved depth, is derived as follows (see Figure 7.2), 
 

soilpcolp EaEa
Hqh
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Where, q1:total load = (Death Load + Live Load)/improved 
area, H1:column length (m), ap: improvement ratio, Ecol: 
compression modulus of the column (=100quck, quck: 
Designed unconfined compressive strength of column 
(kN/m2)), Esoil: compression modulus of the surrounding 
soil (= 210c0:soil strength). 
 The settlement 2h∆ , which is from the improved 
depth to bottom of soft soil layer, is derived as follows,  
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Where, q2: total load at the center depth of unimproved 
layer=(DL+LL)/(B+H2/2), H2:thickness of unimproved 
layer (m). Therefore, total settlement can be calculated 
from,   21 hhh ∆+∆=∆ . 
 
(b) Differential settlement in Floating type 
improvement: “FEM” 
  Soil-water coupled FEM analysis using such as Cam-Clay 
model is considered to be available for these cases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2 Concept of load distribution 
 
 
 
 
 
 
 
 
 
Figure 7.3 Embankment load acting on unimproved 
part 

 
(c) Total settlement in End bearing type improvement: 
“Modelling of loading between each piles (Miki. 1997)” 
From the previous laboratory model test results (Miki, 
1997), it is thought that the embankment load acts on the 
unimproved part as shown in Figure 7.3. Settlement of 
unimproved part should be obtained as follows: 
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Where, Sc: Settlement of unimproved part(m), 
S0:Estimated settlement without improvement(m), V ：
Total embankment 
volume(m3) { } λλ ,)( 2 Hd ⋅+= :Distance between 
columns(m), P∆ :Total embankment load(kN/m2), 

cP∆ :Embankment load acting on unimproved 
part(kN/m2),d: Diameter of column(m), θ :Shearing 
angle φφθ ),90( −= :Friction angle of embankment 
material(degree), Vc: Embankment volume acting on 
unimproved part(m3), H: Embankment height (m).  
 According to the newest information such as monitoring 
data, it was clarified that similar calculation procedure with 
high θ  is available for estimating the load distribution in 
case of floating type deep mixing (Miki, 2004 b). 
 
Settlement of improved part should be obtained as follows: 
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Where, Sp: Settlement of improved part(m), Δ Pp: 
Embankment load acting on improved part (kN/m2), L: 
Total length of column(m),E: Modulus of deformation of 
column(kN/m2), qu: Unconfined compressive strength of 
column (kN/m2), Vp: Embankment volume acting on 
improved part(m3)（=V-Vc）,γ :Density of embankment 
material(kN/m3). It should be noticed that the relationship 
between Δ Pp and qu is always Δ Pp<qu . 
 
(d) Differential settlement in End bearing type 
improvement: “Modelling of loading between each piles 
(Miki. 1997)” 
Differential settlement Δ S should be obtained using above 
calculation as follows: 
  Δ S= Sc - Sp 

………….(7.1) 

………….(7.2) 

φφθ ),90( −=  



When thickness H of embankment should be larger than 
the interval D of Deep mixing columns to avoid the 
punching shear in the embankment. 
 
(2) Application LiDM 
In this section, following two examples are introduced for 
application of Low improvement ratio deep mixing method. 
 In Japan, column type of diameter 1000mm is 
usually employed since the installation cost and 
duration could be reduced and the quality of column 
are able to kept easily. 
Generally speaking, the rod lifting speed for Dry mixing 
should be less than 1.5m/min and rotation speed should be 
less than 40rpm in order to maintain the well-mixing and 
the mixing quality. Otherwise, the air from the bottom 
outlet may be gone out immediately along the mixing rod 
and there might be no hard place at the centre of the 
column. 

In addition, as shown in Table 7.2 and Table 7.3, when 
the cement volume is exceed 150kg/m3, it is difficult to put 
the cement into the ground with high seed for rod lifting 
and mixing blade rotation. 
 
(a) Test embankment site in Niigata 
Table 7.2 Specification of Dry mixing 

Application New road construction 
Diameter 1000mm 

Purpose 
Reduce settlement and Increase 

stability 
Duration April-June. 2003 

Place Niigata 

Total Volume 13,211 m3 
Nos.. 990 

Column Length 17.8m 

Improvement ratio 10.0%,2.80m*2.80m 

Agents Slag-cement-typeＢ 

Agents volume  260-290kg/m3 

Design strength: quck 1.10-1.32MN/㎡ 

quck/qul 1/3 

Additional work Surface Improvement t=0.8-1.5m 
*qul : Laboratory target strength 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3 Dry type machine for two rods type 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4  Test embankment in Niigata 
 
 
(b) Embankment site in Niigata 
 
Table 7.3 Specification of Dry mixing 

Application New road construction 
Diameter 1000mm 

Purpose 
Reduce settlement and Increase 

stability 
Duration January-February. 2000 

Place Niigata 

Total Volume 726 m3 
Nos.. 145 

Column Length 6.6-7.8m 

Improvement ratio 14.8%,2.3m*2.3m 

Agents Slag-cement-typeＢ 

Agents volume  260,495,335kg/m3 

Design strength: quck 755kN/㎡ 

quck/qul 1/3 
*qul : Laboratory target strength 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.5 Dry type machine under construction 
 



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

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

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

The actual 
samples could 
be seen and 
confirmed 
directly. 

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

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

The actual 
columns could 
be seen and 
confirmed 
directly. 

The case of 
diameter 600mm is 
only possible. 

Thailand, 
Vietnam 

Loading Test 
(see Figure 
8.4) 

Special core 
sampler is not 
necessary. 

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

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

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

Inner 
tube 
 
Vinyl 
tube 
Outer 
tube 



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

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

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



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

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

 

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

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

 
Fig. 2.  European growth areas according to EU 

study, ESPON Project 1.3.1 (2004).   



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

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

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

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

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

 
Fig. 3.  Geological map of Europe. Published with 

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

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



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

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

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

 
Fig. 4.  Typical cross section of an esker. 

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

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



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

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

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

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

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

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

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

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

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

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



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

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

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

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

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

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

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

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

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

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



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

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

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

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

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

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

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



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

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

 
Fig. 5.  Polish Patent No 55511 from 22.12.1966, 

describing a new method of soil 
improvement and sealing.    

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

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

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

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

piles, (Stocker and Seidel, 2005). 



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

 
1) the mixing tool is correctly positioned; 2) the mixing shaft 
penetrates to the desired depth of treatment with simultaneous 
disaggregation of the soil by the mixing tool; 3) after reaching the 
desired depth, the shaft is withdrawn and at the same time, the 
binder in granular or powder form is injected into the soil; 4) the 
mixing tool rotates in the horizontal plane and mixes the soil and 
the binder; 5) completion of the treated column. 
 
Fig. 8.  Sequence of installation by Dry Deep 

Mixing.  

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

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

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

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

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

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



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

     

 

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

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

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

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

4.6  Wet Deep Mixing  
Different methods have been developed by which cement 
slurry can be mixed with the soil in order to create rigid 
columns or wall elements. These behave similar to concrete 
piles or concrete walls and are designed accordingly. 
Installation of wet-mixed columns is either carried out by 
means of flight auger(s) (continuous or sectional, single or 
multiple) or by means of blades, depending on ground 
conditions and applications. In reinforced soil wall 
structures, steel bars, steel cages or steel beams can be 
installed into the fresh mixed in place columns or elements. 
The aid of a vibrator may be required for the installation 
process. In wet mixing the binder is usually cement slurry. 
Filler (sand and additives) may be added to the slurry when 
necessary. 
 The specific quantity of slurry added can vary with 
depth. For machines with the outlet below the mixing tool 
the slurry must not be added during the retrieval phase. 
Whereas flight augers may be sufficient for predominantly 
granular soils, increasing fineness and stiffness requires 
more complicated mixing tools provided with mixing and 
cutting blades of different shapes and arrangements. The 
rotary drives, turning the shaft, must have enough power to 
destroy the matrix of the soil for intimate mixture with the 
slurry. 
 The current Bauer MIP method uses three augers with 
diameters ranging from 400 to 750 mm, which can be 
inserted and retracted vertically. The augers can be rotated 
clock- or anti-clockwise individually; Fig. 11. The 
installation is computer-controlled and various parameters 
are recorded in order to document and verify the execution 
process. The MIP method can be used for a variety of 
applications, such as the construction of continuous 
concrete walls or deep foundation elements (Stocker & 
Seidl, 2005).  
 In France, Bachy Soletanche developed the COLMIX 
method in the mid 1980s, in cooperation with the French 
Railway Authority (SNCF) and the French National 
Laboratory for Roads and Bridges (LCPC). The method 
features now twin, triple or quadruple contra-rotating and 
interlocking augers, generally 3 to 4 m long and driven via 
hollow stem rods coupled to a single rotary drive. Blended 
soil moves from the bottom to the top of the hole during 



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

   
Fig. 11.  Installation process of the Bauer MIP 

method, (Stocker & Seidel, 2005). 

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

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

2005). 

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

 
Fig. 13.  Trenching machine for construction of walls 

by deep mixing. 

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



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

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

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

 
Fig. 15.  Foundation for A2 motorway bridge, near 

Katowice, (Topolnicki, 2004).  

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

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

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



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

5.3  Installation Patterns 
Depending on the purpose of deep mixing, a number of 
different patterns of column installations are used see 
Figures 16 to 20. If the main purpose is to reduce 
settlement, the columns are usually placed in an equilateral 
triangular or in a square pattern. If, on the other hand, the 
purpose is to ensure stability of, for example, cuts or 
embankments, the columns are usually placed in walls 
perpendicular to the expected failure surface, Fig 16. 
Overlapping of the columns is particularly important when 
the columns are installed for containment purposes. The 
stabilization is normally executed to create a block, wall 
and grid pattern.  

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

mixing. 

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

 
Fig. 17.  Block type pattern in dry mixing with 

overlapping columns. 

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

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

mixing on land. 

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

 

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

conditions. 



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

  

Fig. 20.  Installation sequence of interlocking wall 
elements. 

5.4  Comparison of European and Japanese 
Mixing Techniques 

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

mixing techniques. 

Equipment Details Nordic 
technique 

Japanese 
technique 

Mixing 
machine 

Number of 
mixing 
shafts 

1 1 to 2 

 Diameter of 
mixing tool 

0,4 m to 1,0 
m 

0,8 m to 1,3 m 

 Maximum 
depth of 
treatment 

25 m 33 m 

 Position of 
binder outlet 

The upper 
pair of 
mixing 
blades 

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

 Injection 
pressure 

Variable 
400 kPa to 
800 kPa 

Maximum 300 
kPa 

Batching 
plant 

Supplying 
capacity 

50 kg/min 
to 300 
kg/min 

50 kg/min to 
200 kg/min. 

 
Table 2. Major capacity and execution of European 

and Japanese wet mixing techniques. 

Equipment Details On land, 
Europe 

On land, 
Japan 

Mixing 
machine 

Number of 
mixing rods 

1–3 1–4 

 Diameter of 
mixing tool 

0,4 m to 0,9 
m 

1,0 m to 1,6 m 

 Maximum 
depth of 

25 m 48 m 

treatment 
 Position of 

binder outlet 
Rod Rod and blade 

 Injection 
pressure 

500 kPa to 1 
000 kPa 

300 kPa to 
600 kPa 

Batching 
plant 

Amount of 
slurry 
storage 

3 m3 to 6 
m3 

3 m3 

 Supplying 
capacity 

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

0,25 m3/min 
to 1 m3/min 

Binder 
storage tank 

Maximum 
capacity 

 30 t 

 
Table 3. Typical execution values of European and 

Japanese wet mixing techniques. 

Mixing 
machine 

On land, 
Europe 

On land, 
Japan 

Marine,  
Japan 

Penetration 
speed of 
mixing shaft 

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

1,0 m/min. 1,0 m/min. 

Retrieval 
speed of 
mixing shaft 

3,0 m/min to 
5,0 m/min 

0,7 m/min to 
1,0 m/min 

1,0 m/min. 

Rotation speed 
of mixing 
blades 

25 rev/min to 
50 rev/min 

20 rev/min to 
40 rev/min 

20 rev/min to 
60 rev/min 

Blade rotation 
number 

mostly 
continuous 
flight auger 

350 per meter 350 per meter 

Amount of 
binder injected 

80 kg/m3 to 
450 kg/m3 

70 kg/m3 to 
300 kg/m3 

70 kg/m3 to 
300 kg/m3 

Injection 
phase 

Penetration 
and/or 
retrieval 

Penetration 
and/or 
retrieval 

Penetration 
and/or 
retrieval 

 

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

treated soil and the untreated soil interact to produce the 
required overall behaviour; 

•  “process design” describes the means by which the 
required performance characteristics are obtained from 



the treated soil by selecting and modifying the process 
control parameters. 

The scope of the application of deep mixing is to handle 
and solve problems associated with the following aspects: 
•  settlement reduction (e.g. of embankments and 

structures); 

•  improvement of stability (structures and embankments); 

•  support of slopes and excavations; 

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

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

•  construction of containment structures; 

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

5.6  Design Principles 
Design considerations are discussed in detail in Annex B of 
prEN 14679. The ground treated with deep mixing must be 
designed and executed in such a manner that the supported 
structure, during its intended life and with appropriate 
degree of reliability and cost-effectiveness, will remain fit 
for the use for which it is intended and sustain all actions 
and influences that are likely to occur during execution and 
use. This requires that the serviceability and ultimate limit 
states are satisfied. 
 The requirements for the serviceability and ultimate 
limit states are to be specified by the client. The design 
shall be in accordance with the requirements put forward in 
ENV 1997-1, Eurocode 7: Geotechnical design, Part 1: 
General rules. 
 So-called iterative design, based on a follow-up of the 
results obtained by various testing methods, is an important 
part of the design. Here, the main focus is placed upon 
those factors that are important for the execution and the 
purpose of deep mixing. The design is made for the most 
unfavourable combinations of loads, which could occur 
during construction and service. 
 The deep mixing process may involve a short-term 
decreasing resistance to failure in consequence of induced 
excess pore water pressure and soil displacements. The 
mixed-in-place columns should be arranged in a way to 
avoid that possible planes of weakness in some columns 
installed could have a negative influence on the stability. In 
the stability analysis it is important to take into account the 
differences in stress vs. strain relationship between treated 
and untreated soil. For excavation support, the most 
important parameters are the compressive strength of the 
treated soil and arching. Figure 21 outlines the iterative 
process combining functional design and process design. 

Stability 
Often the purpose of soil treatment is to stabilise slopes, 
embankments or trench walls. In this case, the columns 
should preferably be installed in a number of walls on both 

sides, perpendicular to the slope, the embankment or the 
trench. The stability is analysed on the basis of the 
weighted mean strength properties of the untreated soil and 
those of the columns. Failure is normally assumed to take 
place along a plane, or curved, failure surface in which the 
shear strength of the columns and the shear strength of the 
surrounding soil are both mobilised. 

 
Fig. 21.  Iterative design process, including laboratory 

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

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

Overlapping of Columns 
Columns installed for the purpose of improving stability are 
commonly placed in single or double rows along, and 
perpendicular to, a slope, an excavation or an embankment. 
This increases the efficiency in comparison with single 
columns in that the negative effect of local column 
weakness is reduced as well as the risk of bending failure of 
the columns. 
 The moment resistance of the individual column rows 
should be sufficiently high not to be the cause of failure. 
Overlapping of the columns in the individual rows to create 



a column wall increases the moment resistance and 
overturning can be avoided by increasing the length of the 
rows and thus the number of columns in the rows. It is 
important that the shear strength of the treated soil in the 
overlapping zone is high enough and that the overlap of the 
columns is sufficient. It is important that the verticality of 
overlapping columns is maintained over the whole length. 
The shear strength of the stabilised soil in the overlapping 
zone usually governs the lateral resistance of the column 
rows. 

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

Dowel Action of Column Rows 
The dowel resistance of the columns will be decisive when 
the failure surface is located close to the bottom of a row. 
When the columns have separated from the adjacent 
columns the shear resistance per column in the row will be 
the same as the shear resistance of single columns. 

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

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

Block Type Applications 
As the properties of in-situ treated soil are quite different 
from those of untreated surrounding soil, it is assumed that 
the treated soil is a rigid structural member buried in the 
ground to transfer the external loads to a reliable stratum. 
For the sake of simplicity, the design concept is analogous 
to the design procedure for gravity type structures, such as 
concrete retaining structures. 
The first step in the procedure includes stability analysis of 
the superstructure to ensure that the superstructure and the 
treated soil behave as a unit.  
 The second step includes stability analysis of the 
treated soil due to external action in which sliding failure, 
overturning failure and bearing capacity are evaluated.  
The third step includes internal stability analysis in which 
the stresses induced in the treated soil by the external forces 
are analysed and confirmed to be less than the allowable 
values. Finally, the displacement of the treated soil is 
analysed. 

 In seismic design of the superstructure, the seismic 
intensity analysis is applied in Japan; the dynamic cyclic 
loads are converted to static load by multiplying the unit 
weight of the structure by the seismic coefficient. 
 In the case of more complex treatment patterns, 
relying on the interaction between the treated soil and the 
untreated soil between columns it is desirable to apply more 
sophisticated 2-D or 3-D elasto-plastic FEM analyses to 
examine stresses developed in the improved ground and 
displacement of the improved ground. Of course, the 
quality of the results is strongly influenced by the correct 
selection of input parameters. 

Settlement 
The design related to the deformation of mixed-in-place 
columns or elements or structures used for foundations or 
retaining walls shall be in accordance with ENV 1997-1, 
Eurocode 7: Geotechnical design - Part 1: General rules. 
 The treated columns, installed in order to reduce 
settlement of embankments, are mostly placed in some 
regular triangular or square pattern. Settlement analysis is 
generally based on the assumptions of equal strain 
conditions — in other words, arching is presumed to 
redistribute the load so that the vertical strains at a certain 
depth become equal in columns and surrounding soil. 
 For a group of columns the average settlement will be 
reduced by counteracting shear stresses in the untreated 
soil, mobilised along the perimeter of the group. Only a 
small relative displacement (a few mm) is required to 
mobilise the shear strength of the soil. The counteracting 
shear stresses will cause angular distortion in the improved 
soil along the perimeter of the group and, consequently, 
induce differential settlement inside the group. The 
counteraction — hence the differential settlement — will be 
reduced with time by induced consolidation settlement in 
the surrounding soil. It is therefore usually ignored in the 
settlement analysis. 

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



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

Confinement 
A confinement wall is formed by overlapping columns so 
that no leakage through the wall can take place. It is 
extremely important that the homogeneity of the columns is 
guaranteed and that leakage through the column wall is 
prevented. The thickness of the wall at the overlap and the 
permeability of overlap joints, have to be given sufficient 
tolerance in the design. Bentonite is commonly 
incorporated in wet mixing, in order to reduce the 
permeability of the treated soil. 
 If the objective of deep mixing is to create 
confinement of waste deposits or polluted soils, the 
durability of the treated soil becomes one of the most 
important design aspects. The reaction between the treated 
soil and the contaminant should be studied, especially when 
the waste has high acidity.  

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

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

 
(1) Road Embankment: stability/settlement 
(2) High embankment: stability 
(3) Bridge Abutment: uneven settlement 
(4) Cut Slope: stability 
(5) Reducing the influence from nearby construction 
(6) Braced Excavation: earth pressure/heave 
(7) Pile foundation: lateral resistance 
(8) Sea wall: bearing capacity 
(9) Break-water: bearing capacity 
 
Fig. 22.  Application of deep mixing methods and 

geotechnical design requirements. After 
Terashi, (1997).  

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

5.9  European Federation of Foundation 
Contractors 

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



5.10  European Spatial Planning Observatory 
Network 

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

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

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

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

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

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

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

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

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

5.12  Stabilisation/Solidification Treatment and 
Remediation Network 

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

(a) binder selection,  

(b) technology selection,  

(c) testing and performance level,  

(d) long-term performance and environmental impact,  

(e) quality assurance and quality control issues and  

(f) good practice guidance documents.  

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

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



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

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

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

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

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

 

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

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



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

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

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

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

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

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



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

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

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

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

7.2  Research Efforts 

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

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



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

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

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



supervision and monitoring of deep mixing works carried 
out by two different methods: dry mixing and wet mixing. 
Deep mixing considered in this Standard is limited to 
methods, which involve:  

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

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

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

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

 e) other ground improvement methods using similar 
techniques exist.  

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

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

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

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

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

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



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

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

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

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

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



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

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

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

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

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



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

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

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

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

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

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

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

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



   

 

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

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

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

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

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

2 ORGANIZATIONS INVOLVED WITH DM 

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

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

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

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



   

 

 

 

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



   

 

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

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

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

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

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

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

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

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

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

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

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

•  Simplified seismic response evaluation of sites 
improved by deep mixing 

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

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

soils and peats 
•  Collaborative work with Swedish Geotechnical 

Institute and Cambridge University. 
 

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

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

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

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

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



   

 

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

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

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

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

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

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

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

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

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

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

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

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

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

 
FHWA (2000) Supplemental reference appendices for an 

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

 
FHWA (2001) An introduction to the deep mixing method 

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

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

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

 
WTC document, Canada  
Wastewater Technology Centre (1991) Proposed 

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

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

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

level  
 
Retaining wall systems 

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

 
Foundation support systems 

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



   

 

•  Foundation of parking garage 
•  Bridge abutment foundation 

 
Excavation support systems 

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

 
Seismic strengthening systems  

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

 
Environmental remediation systems  

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

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

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

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

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

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

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



   

 

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

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

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

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



   

 

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

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

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

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

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



   

 

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

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

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

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

•  Excavation below the groundwater table through 
permeable soils.  

•  Excavation support during foundation placement. 
 

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

 



   

 

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

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

 

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

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



   

 

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

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

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

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

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

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

 

 
 

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

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



   

 

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

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

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

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

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

 

 
 

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

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



   

 

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

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

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

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

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

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



   

 

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

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

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

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



   

 

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

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

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

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



   

 

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

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

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

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



   

 

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

 

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

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

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



   

 

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

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

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



   

 

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

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

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



   

 

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

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

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



   

 

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

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



   

 

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

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

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

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

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

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

 
Public-owners who have had favorable experiences 

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

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

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

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

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

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

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

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

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



   

 

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

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

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

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



   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1: Distribution of soil deposits in the US 

 

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

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

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

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

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



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

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

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

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

(DFI, 2004) 
The necessity for infrastructure and commercial 

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



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

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

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

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

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

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

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

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



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

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

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

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

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

treated ground.  
 



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

 
•  be consistent with the consequences of deficiencies in 

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

progress, unless required by the individual 
application. 

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

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

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

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

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



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

 

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

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

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

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

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

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

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



and management of the inherent variation of the DMM 
product. 

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

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

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

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

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



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

 
 

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

Figure 6.  General Plan of DMM Treatment 

Figure 5.  Detail of DMM Elements 



numerous expanses of poor soils.  Regardless, the deep 
mixing method has been employed with great success in 
many projects throughout the US, and market will continue 
to grow as barriers fall. 
 
 
7 ACKNOWLEDGEMENTS 
 
The authors wish to thank the following persons for their 
contributions to this paper: Derrick Dasenbrock, Minnesota 
DOT; Stefan Dahlin, Hercules Grundläggning; Donald 
Bruce; Mel Esrig; and Courtney McCormick, PBQ&D. 
 
 
8  REFERENCES 
 
Ahnberg, H., Holm, F. 1999.  Stabilization of Some 
Swedish Organic Soils with Different Types of Binder, Dry 
Mix Methods for Deep Soil Stabilization, A. A. Balkema. 
 
Bruce, D. 1999. An Introduction to the Deep Soil Mixing 
Methods as Used in Geotechnical Applications, FHWA 
Publication  FHWA-RD-99-138. 
 
Dasenbrock, D.2004, Application of Deep mixing Method 
to a Challenging Bridge Construction Project:  The Glen 
Road Interchange,  Geotechnical Engineering for 
Transportation Projects, GSP 126, American Society of 
Civil Engineers. 
 
Deep Foundations Institute, 2004. Unpublished data 
compiled by Richard Hanford. DiMillio, A. 2002. Current 
Status of Deep Mixing Methods (DMM) in the United 
States, Tokyo Workshop 2002 on Deep Mixing. Port and 
Airport Research Institute, Coastal Development Institute 
of Technology, Japan. 
 
Druss, D., Guidelines for Design and Installation of Soil-
Cement Stabilization, Proceedings of the Third 
International Conference on Grouting & Ground 
Treatment, 2003. 
 
Dry Jet Mixing, 2005,  www.djm.gr.jp/index_e.htm Japan 
 
Geotesting Express, 1996. Geotechnical Tests on Soil-
Cement Mix, Central Artery/Tunnel Project C09A7, 
prepared for Bechtel/Parsons Brinckerhoff. 
 
Saye, S., Esrig, M., Williams, J., Pilz, J., Bartlett, S., 2001. 
Lime Cement Columns for the Reconstruction of Interstate 
15 in Salt Lake City, Utah, Foundations and Ground 
Improvement, Special Publication 113.  American Society 
of Civil Engineers. 
 
Uchida, K., Shioi, Y., Hirukawa, T., 1993. The Trans-
Tokyo Bay Highway Project – a huge project currently 
under construction, Transportation Facilities through 
Difficult Terrain, Balkema, Rotterdam. 
 
 

Yang, D. S., Coutu, C., Scheibel, L. 2004.  Quality Control of 
Deep Soil Mixing Work for the Port of Oakland Projects, 
Proceedings: Fifth International Conference on Case 
Histories in Geotechnical Engineering. 





Keynote Lecture: Towards a sustainable society – recent advances in 
deep mixing 
 
 
Holm, G   
Swedish Geotechnical Institute, SE-581 93 Linkoping, Sweden 
goran.holm@swedgeo.se 
 
 
 
ABSTRACT: Sustainable development declared at the UN Johannesburg summit in 2002 and the EU Gothenburg summit 
2001 gives an important framework for the society. Deep mixing methods are suitable for the sustainable development from 
a number of viewpoints. Over the last years many significant advances have been made in deep mixing. These advances 
strengthen the deep mixing method also with respect to a sustainable development. This keynote lecture is intended to put 
the deep mixing methods into the context of sustainable development and to comment on some of the recent advances in 
deep mixing.  
 
1 A SUSTAINABLE SOCIETY 
 
1.1 Sustainable development 
In Europe but also globally there are strong and important 
declarations that the society shall have a sustainable 
development. It has been stated at the EU Gothenburg 
summit in 2001 but also at the UN Johannesburg summit in 
2002. Large research resources are needed for geotechnical 
and geoenvironmental research to achieve the goals and 
international, and national directives, set up for a 
sustainable development and economical growth as 
confirmed by UN summit in Johannesburg. 

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

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

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

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

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

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

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

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

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

 

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

 



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

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

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

 
 
 

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

 
 
Figure 3. Liquefaction mitigation.  
 

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

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

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



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

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

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

 
To have a sustainable development the long-term 

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

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

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

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



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

Works – Deep Mixing” 
An important and substantial progress in deep mixing is the 
recently adopted European standard for the execution of 
deep mixing, “Execution of special geotechnical works – 
Deep Mixing” (CEN TC 288). This European Standard 
establishes general principles for the execution, testing, 
supervision and monitoring of deep mixing works carried 
out by two different methods: dry mixing and wet mixing. 
Deep mixing considered in this Standard is limited to 
methods, which involve: 
a) mixing by rotating mechanical mixing tools where the 
lateral support provided to the surrounding soil is not 
removed, 
b) treatment of the soil to a minimum depth of 3 m; 
c) different shapes and configurations, consisting of either 
single columns, panels, grids, blocks, walls or any 
combination of more than one single column, overlapping 
or not; 
d) treatment of natural soil, fill, waste deposits and slurries, 
etc. 
e) other ground improvement methods using similar 
techniques exist, which are only partly covered by this 
standard. 
Guidance on practical aspects of deep mixing, such as 
execution procedures and equipment, is given in an annex. 
Methods of testing, specification and assessment of design 
parameters, which are affected by execution, are also 
presented in an annex. 
 
2.1 Applications 
Deep mixing is used in a wide spectrum of applications, i.e.  
foundation support including road and railway 
embankments, excavation support, remediation of 
contaminated land and mitigation of vibrations. 

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

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

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

 
 
 

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

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

 
 
 
 



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

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

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

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

 
 
 
 
 
 
 
 
 

 
 
 
 
 

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

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

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

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

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

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



 
 
Figure 15. Cutter Soil Mixing head (Fiorotto et al. 
2005) 
 
 

 
Figure 16. A shaft made of Cutter Soil Mixing panels 
Fiorotto et al. 2005) 
 
 

 
Figure 17. Stabilization effect Seff vs Blade Rotation 
number (left). Coefficient of variation Vδcol vs 
w/wL*Blade Rotation Number (right) 
 

Comprehensive research has been performed 
regarding the mixing procedure. Results from this research 
are exemplified in Figure 17. The stabilisation effect Seff 
(strength of stabilized soil divided by strength of natural 
soil) and the coefficient of variation for the strength of the 
stabilised soil are presented (Larsson, 2003). The results are 
for the two test sites Strängnäs and Håby (both in Sweden) 
with soft clay. For example for a coefficient of variation 
less than 0,2 the Blade Rotation Number times w/wL should 
be larger than about 400. w/wL  = natural water content 
divided by the liquid limit. At a Blade Rotation Number 
times w/wL of for example 150 the stabilisation effect was 
only about 65% of the effect at a Blade Rotation Number of 
400 for the clay at Strängnäs. The coefficient of variation 
increased to about 0,4. 

Hayashi and Nishikawa (1999) reported that it is 
desirable to have a Blade Rotation Number of 400 to 450 
for peaty soft ground for the dry deep mixing.  

The research has demonstrated that the mixing 
procedure and the mixing energy greatly influence the 
properties of the treated soil. Both strength level and 
homogeneity are influenced. 

The requirements on homogeneity relate to the 
application of deep mixing. There is a difference in 
required homogeneity for settlement reduction of an 
embankment and for stabilisation/solidification of 
contaminated land. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 



2.4 Properties of stabilised soil 
The properties of the stabilised soil depend on a number of 
influencing factors related to the characteristics of the soil 
and of the binder but also the mixing and curing conditions. 
Figure 18 shows the influence on the strength of the 
stabilised soil of the quantity of binder in different peats 
with different water content from four European countries 
(EuroSoilStab, 2001). In these laboratory tests a dry binder 
consisting of 50% cement and 50% blast furnace slag, both 
from local manufacturers, was used. The strength is 
substantially influenced by the quantity of binder. The 
results also point out the influence of type of peat. Further 
the composition of the binder components influences the 
obtained strength.  
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Figure 18. Influence of the quantity of binder on the 
unconfined compressive strength of laboratory mixed 
samples (EuroSoilStab, 2001) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The development of the strength of stabilised soil with 
time has been studied for three characteristic soft soils in 
Sweden 

The results presented in Figure 18 also show the 
increase in strength with time. It is important to take into 
account the increase with time especially when assessing 
the long-term behaviour, possibly including a re-use for a 
second lifetime. 

The increase with time has been studied for three 
characteristic soft soils in Sweden. Two types of clay and 
one gyttja. The Löftabro clay is a marine clay. A large 
number of binders were used. The strength of the laboratory 
mixed samples is presented in Figure 19. The cement was 
Standard Portland, the slag was granulated blast furnace 
slag and the lime was quicklime. The proportion was 
always 50/50 and the total amount of binder was 100 kg/m3. 
The results show that the type of binder has a large 
influence on the obtained strength and the on the 
development of strength with time. It is also obvious that a 
specific binder has different effect in the two clays. A 
substantial increase in strength after 28 days has been 
obtained for some of the binder in the Löftabro clay and the 
Holma gyttja. 

In many applications of Deep Mixing the permeability 
of the treated soil is of importance, e.g. estimating the 
consolidation rate in transport infrastructure applications, 
evaluating the risk of changing the ground water conditions  
and possible leakage from a stabilised/solidified  
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contaminated area. Consequently the permeability is of 
importance both from engineering and environmental point 
of view. A comprehensive study of the permeability of 
stabilised soils has been performed (Åhnberg, 2003).  

In Figure 20 the results are presented from 
investigations performed on stabilised soils in Sweden 
using lime, lime-cement and cement as binder. No 
significant difference between laboratory mixed samples 
and stabilised columns in-situ of between different binders 
has been obtained. However, other studies have reported 10 
to 100 times higher permeability of the stabilised soil than 
the natural soil (Baker, 2000). These tests may reflect better 
the permeability of the macrostructure. Uneven distribution 
and mixing of the binders and development of micro-cracks 
and fissures in the treated soil affect the permeability in the 
field. Therefor the mixing procedure and the mixing energy 
is of great importance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 20. Changes in permeability after 

stabilisation. a) initial change in permeability vs ratio 
of water content in the stabilised soil and the natural 
soil. b) change in permeability vs strength of stabilised 
soil 

 

 
Figure 21. Correlation between undrained shear 
strength and shear wave velocity in unconfined 
compression tests on lime-cement stabilised Uppsala 
clay. (Mattson et al., 2005) 
 

The relation between the strength and the shear wave 
velocity of stabilised soils has bee studied in a few 
countries. Similar data distribution of the laboratory tests 
has been obtained. Good correlation has been found. 
However different correlation’s for different types of soils 
and with different binders. For example (Mattson et al., 
2005), for a soft Swedish clay at Uppsala stabilised with a 
binder of cement-lime in proportion of 50/50 and with an 
amount of binder of 80 and 1200 kg/m3 in unconfined 
compression tests is 
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2.5 Long-term properties 
Japanese studies including laboratory and field studies of 
the long-term strength of stabilised soil have shown that 
lime and cement treated soil displays a strength increase 
during more than 10 years after construction and that 
deterioration, i. e. strength decrease, due to calcium 
leaching, occurs at the periphery of the treated soil, 
although it is a slow process (Terashi, 2003). 

A study of old dry deep mixing, lime-cement columns 
in soft clays, has been performed at two sites in Sweden 
(Löfroth, 2005). The lime-cement columns were tested by 
the specially designed column penetrometer 9,5 and 11 
years after the installation at the two sites respectively. The 
results obtained at the site Road E4 Munkedal are shown in 
Figure 22. There is a substantial increase in strength of the 
lime-cement columns during the period from 50 days to 11 
years after installation at the depth interval 1 to 4 m. 
However at the depth interval 4 to 6 m there is no or only 
minor increase in strength. At the other site an increase 
could be measured along the whole columns.  

The design normally applies to the strength 28 days 
after mixing. In the above referred cases a considerable 
strength increase after 28 days have been observed. 
However this long-term increase is different in magnitude 
and duration at different conditions regarding type of soil 
and binder, curing conditions etc., which has to be 
considered. 
 

 
 
Figure 22. Strength of lime-cement columns 50 days 
and 11 years after installation respectively at 
Munkedal, Sweden (Löfroth, 2005) 
 
 
 

Deep wet mixing of organic soils can provide a 
durable long term foundation solution provided the 
properties of the organic soil and the ground water are 
taken into account in the binder design (Butcher 2005). At 
the studied case the binder consisted of granulated ground 
blast furnace slag and ordinary portland cement and the 
dosage was 75:25 mix with a water solid ratio of 0.5 and 
added at an average rate of 350 km/m3 
 
2.6 Control 
Over last years a number of studies have been performed 
regarding the use of seismic measurements to determine the 
strength of soils stabilised by deep mixing methods. 
Laboratory investigations using bender elements tests have 
been performed in connections to the field tests with 
seismic measurements to establish the relation between 
shear strength and shear wave velocity as described above. 

Figure 23 shows a schematic picture of seismic down-
hole measurements in a lime-cement column (Mattsson et 
al., 2005). Down-hole measurements were performed in a 
large number of lime-cement columns with different 
amount of binder and produced with different withdrawal 
speed. The data from these measurements are fairly 
complex. However, the method gives a possibility to 
investigate columns at greater depths than the normally 
used wing-shaped probe that is pushed down into the 
column or withdrawn up through the column. Furthermore 
it is a non-destructive testing method and measurements 
can be performed in the same columns at different times 
after installation, which enables investigation of the 
strength increase with time. In Figure 24 the estimated 
shear wave velocity for the individual test columns type C 
is shown.  
 

 
 
Figure 23. Schematic picture of seismic down-hole 
measurements in a lime-cement column (Mattsson et 
al., 2005) 
 
 



 
 
Figure 24. Shear wave velocities versus depth for 
individual test columns type C (Mattsson et al., 2005) 
 
2.7 Design  
So-called iterative design including laboratory testing, 
design (functional design), field trials to confirm design 
parameters, final design (process design) based on results of 
field trials and follow-up measurements of the behaviour of 
the whole stabilisation. The strength of stabilised soil 
samples mixed in the laboratory is normally higher than 
what is achieved in stabilised soil in-situ. An example is 
presented in Figure 25 (Hayashi and Nishikawa, 1999).  
 

 
Figure 25. Ratio between strength of laboratory mixed 
samples and in-situ strength in columns vs. Number of 
mixing per m (Blade Ration Number) (Hayashi and 
Nishikawa, 1999) 
 

The strength in-situ is in the order of half the laboratory 
strength. Other researchers have also reported this relation. 
 
 
3 CHALLENGES FOR DEEP MIXING 
As stated earlier sustainable development is an important 
objective for the society. This implies a number of 
challenges and possibilities for the deep mixing methods. 
They have to comply with  
1. A sustainable built environment using cost-effective 
ground treatment and remediation methods to mitigate man-
made and natural hazards like earthquakes, flooding and 
landslides 
2. A usage of materials and techniques minimising the 
impact on the environment  
3. No or a minimum influence on the traffic at up-grading 
of existing transport infrastructures 
4. A reduced consumption of natural resources and a 
recycling and re-use of used materials. 
 
Co-operation between research, implementation and 
applications is recommended. 
 
 
4 CONCLUDING REMARKS 
Deep mixing is a flexible method regarding  

− mixing process; dry mixing, modified dry mixing 
and wet mixing 

− tailoring the magnitude and configuration of deep 
mixing with respect to the conditions at the actual 
site and the actual specifications 

Deep mixing is a method much in line with 
sustainable development by 

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

− the use of industrial by-products in the binder 
− low life cycle cost (LCC) based on e. g. less 

transportation of materials  
− the possibility to improve both the engineering 

and environmental properties 
Recent advances have been made in all topics within 

deep mixing 
− New applications,  
− New soils 
− New binders 
− New design methods 
− New control methods 

 
By putting the deep mixing method in a wider context, 
especially considering the sustainable development of the 
society, and pointing out examples of recent advances I 
hope this lecture has promoted the discussions in the 
specific technical sessions and also the future research and 
development of deep mixing. A gobal co-operation would 
be beneficial for the method. Such a co-operation should 
include research & development with a multi-disciplinary 
approach and knowledge transfer to clients, designers, 
contractors etc. involved in the lifetime (-s) of deep mixing 
treatment. 
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ABSTRACT:  The design of deep mixing is an iterative process involving two aspects, process design and geotechnical 
design. In order to guarantee the better or the best performance, the collaboration between geotechnical consultant and 
contractor specialized in deep mixing is absolutely necessary. Such good collaboration was made possible in Japan under 
the strong support of the owner of the project in a couple of landmark projects, which gave strong impacts on the subsequent 
development of the deep mixing. The current keynote lecture is intended to highlight the key issues in the design of deep 
mixing from various points of view.  
 
 
1 INTRODUCTION 
The R & D of deep mixing as it is today started in the late 
1960s independently in Sweden and Japan. However there 
was no substantial exchange of information between the 
two regions for a long time. The first encounter for the 
author to the Nordic technique was in November 1990 
when the RIL (Finnish Society for Civil Engineers) 
provided him a chance of delivering lectures in Finland on 
the subject of deep mixing. The invitation was made 
possible by the effort of Dr. Pentti Lahtinen who visited 
Japan earlier and observed the Japanese deep mixing works.  
In the past 10 years, 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 
meetings. The first international specialty conference on 
deep mixing was organized jointly by ISSMGE TC-17 and 
the Japanese Geotechnical Society in 1996 in Tokyo. The 
conference attracted 114 overseas participations from 26 
countries. One of the exciting events of the conference was 
the demonstration of deep mixing work on a reclaimed land 
at a waterfront of Tokyo by the sponsorship of Japanese 
contractor groups. This must have been the first encounter 
for most of the overseas engineers to the Japanese wet & 
dry methods and especially to the actual treated soil 
columns manufactured with amazingly high strength and 
uniformity. The conference must have given impacts to the 
other parts of the world and helped accelerate the later 
acceptance of the technology into American and South East 
Asian markets. Another outcome of the conference was the 
mutual understanding on the importance of such 
international meetings. The 1996 Tokyo conference was 
followed by specialty conferences/symposia in Stockholm, 
Helsinki, Tokyo, New Orleans and this time in Stockholm 
again. The proceedings of the international meetings are the 
asset for our profession (Yonekura, et al, 1996; Bredenberg 
et al, 1999; Rathmayer, 2000; Kitazume and Terashi, 2002; 
Johnsen et al, 2003; Jhonsen, 2004).  

When “the design of deep mixing” becomes the point 
of discussion some may place an importance on the 
planning of the work, selection of an appropriate 
construction process (dry or wet), selection of appropriate 

binder, binder content and determination of construction 
control values such as the blade rotation number. Some 
others may think only about the settlement and stability 
analyses of the structures to be built upon the improved 
ground. Both aspects of design are equally important but 
either one alone is imperfect. The design of deep mixing 
should involve both the process design (mix design) and the 
geotechnical design (functional design). The role of the 
former is to predict and realize the required strength and 
uniformity of the in-situ treated soil. The role of the latter is 
to determine the dimension of improved area, installation 
depth and installation pattern of the treated soil columns so 
that the improved ground may satisfy the performance 
criteria of the superstructure. Only when both the process 
design and the geotechnical design are accomplished in 
harmony each other with the similar level of credibility, the 
best economy and the best performance will be guaranteed. 
Knowledge and experience of the former belong to the 
contractors specialized in deep mixing and those for the 
latter belong to the geotechnical engineer experienced on 
the planning, design and monitoring of deep mixing work. 
If one side feels distrust on the capability of the other, 
he/she will tend to take an extra margin of safety for his/her 
side of design. 

The author has emphasized the importance of 
collaboration between designer and contractor at a couple 
of international conferences by showing Figure 1, which 
explains the overall work flow of deep mixing (Terashi and 
Juran, 2000; Terashi, 2001; Terashi, 2003). A similar flow 
chart was adopted in the annex of the European Code on 
“Execution of special geotechnical works – Deep Mixing” 
(prEN 14679), a brief summary of which will be reported to 
the current conference by Hansbo and Massarsch (2005). 
The present keynote lecture is intended to highlight the key 
issues in the design of deep mixing from various points of 
view that are shown in Figure 1. 
 
 
2 APPLICATIONS OF DEEP MIXING 
Figure 2 shows the variety of applications of wet and dry 
method in Japan. Similarly European applications also have 
a wide variety.  



 

      

 
        

Figure 1 Work flow common to all the applications (Terashi, 2001) 
 

           
 

Figure 2  A variety of deep mixing applications after CDM Association (Terashi, 1997) 



When we look at the case records published in the past 
we know the clear difference in the strength of improved 
soil. The wet method in Japan creates the soil with strength 
exceeding 1 MPa in terms of unconfined compressive 
strength. The dry method in Japan mostly employed as 
group of singular columns creates a soil with the strength 
around 500 kPa. The Swedish lime columns are used 
ordinarily at the strength less than 150 kPa. Some of the 
North American case records seem to follow the Japanese 
experience and the others seem to follow the Nordic 
experience. The similar situation may be found in the other 
parts of the world. In the present conference, three regional 
reporters will review the deep mixing applications in Japan 
& Far East, Europe, and North America. It is expected that 
the common features and local features of deep mixing 
applications may be made much clear than ever. The 
differences in the strength of improved soils may be caused 
by the different property of native soils, different 
manufacturing process, and perhaps most importantly by 
the different purpose of improvement. Therefore the 
applications in different regions cannot be compared and 
discussed without the knowledge on these backgrounds. 
However, the overall work flow of deep mixing, its iterative 
nature and the importance of the process and geotechnical 
design applies to all these variations. 
 
 
3 LANDMARK PROJECT FOR WET METHOD 
At the 2002 Tokyo Workshop, the author reviewed the past 
developments and introduced the trend of R & D both on 
Japanese wet and dry method of deep mixing by focusing 
mostly on the execution aspect (Terashi, 2002). Main 
stream of R& D on the construction aspect has been 
focused upon the reliability (strength and uniformity) and 
efficiency. The R&D resulted in a wide variety of mixing 
equipment in Japan and also resulted in establishing 
QC/QA procedure. The development often associated with 
the new type of application or with the large-scale project. 
Some of such projects may be regarded as the landmark 
projects. 

The ground improvement work at Daikoku Pier in 
Yokohama Port is the landmark project for the process 
design of the wet method of deep mixing. The actual 
construction started in April 1977 and the project lasted 
until 1988 for nearly 10 years. Figure 3 shows a typical 
cross section of the deep mixed foundation along the 
Daikoku Pier. 

In advance of construction at Daikoku Pier, trial 
installation of twelve treated soil column units were 
conducted by the DCM-2 barge (Figure 4). DCM-2 barge 
was equipped with 8-shaft machine. Each shaft had the 
mixing blades with 86 cm diameter at three different levels. 
The center-to-center shaft distance was smaller than the 
diameter of the blades. Thus the single column unit 
manufactured by one operation was a bundle of 8 pillars 
with 86 cm diameter. The purposes of the test were; 1) to 
confirm the average strength and uniformity of treated soil, 
2) to ensure the overlapping of each column units to create 
a continuous treated soil block and 3) to confirm the 

 

Figure 3  A typical cross section at Daikoku Pier 

 
 
 

 
 

Figure 4  DCM-2 in operation at Daikoku Pier and 
eight-shaft mixing tool  

 



penetration into the stiff sand layer underlying soft clay in 
order to achieve reliable contact with bearing layer. The 
trial installation was well programmed also to find out the 
influence of different construction parameters. The 
construction control values were monitored and recorded 
during construction. The treated soil was investigated by 50 
continuous core borings and 1,482 specimens were tested 
for strength evaluation. Among 50 borings, 9 core borings 
were inclined from vertical to examine the overlapped 
portion between adjacent column units. By the careful 
interpretation of the test results, construction parameters 
were determined and construction control manual for the 
following actual projects was established.  

The project at Daikoku-Pier is the landmark project also 
for establishing the geotechnical design. A Working Group 
was established in 1976 in the Ministry of Transport before 
the project and continued its activity along with the 
on-going project at Daikoku until 1980. The WG was 
comprised of researchers of the Port and Harbour Research 
Institute and technical officials of the Design and 
Investigation Offices of the Port Construction Bureaus. The 
completed WG report was edited in a style of design 
manual, distributed to the Design and Investigation Offices 
and regarded as the material, which supplemented the 
Technical Standard available at that time until it was 
officially included into the Standard. The framework of the 
current design procedure does not differ too much from that 
established by the Working Group 25 years ago. The 
current design procedure for marine work is described into 
details by CDIT (2002), and the brief summary of which 
may be found in a paper by Ohishi et al (2005) to the 
present conference. 
 
 
4 DESIGN STRENGTH  
Let us go back to Figure 1 of the overall work flow.  
The requirements of the superstructure, the geotechnical 
information on the original soil and ground conditions, and 
the restrictions or limitation to the work should be the given 
information. Supposing that all the necessary information is 
available, the next step in the flow is the preliminary 
estimate of the specific design strength or the range of 
design strength attainable at the project site. When the 
design strength is specified in the design standard, the work 
here is the preliminary process design and its evaluation. 
For some other cases, geotechnical design is a pursuit of the 
best combination of the strength and the dimension of 
improved area. Therefore, it is convenient for the 
geotechnical engineer to grasp the range of design strength 
attainable at the site by different execution systems. It is 
because, each execution system has the ordinary working 
range in terms of binder content and working speed and, 
hence, it is not always possible to attain any arbitrary 
strength under a specified condition  

For an important structure, the initial assumption on the 
design strength and its uniformity should be confirmed by 
field trial before actual construction. For smaller scale 
projects the design strength may be confirmed through the 
verification during the initial phase of actual construction. 

The parameters for design include undrained shear 
strength, tensile strength, elastic moduli and consolidation 
parameters. These parameters are normally derived from 
design strength in terms of unconfined compressive 
strength, qud using correlations established by the previous 
researches. These design parameters should represent the 
characteristics of in-situ treated soil. Often qud is evaluated 
by the average field strength in terms of unconfined 
compressive strength, quf and its standard deviation. The 
correlation between quf, qud, and other design parameters are 
given in design manuals that correspond to different 
applications (CDIT, 1999; CDIT, 2002; BCJ 1997, PWRC 
1999).  
 
4.1 Prediction of field strength 
In the context as described above, the major concern in the 
planning stage should be the prediction of field strength and 
uniformity, for instance, expressed by standard deviation or 
by coefficient of variance. As the uniformity of the treated 
soil depends not only on the given soil condition but also on 
the execution process, binder content and construction 
control values, it is often regarded as the matter of selection 
of an appropriate execution system and the matter of quality 
control during construction. Therefore the major task in the 
prediction of design strength results in the prediction of the 
average field strength in terms of unconfined compressive 
strength. 

In the planning stage, the average field strength is 
estimated often based on the accumulated experience (data 
base) on the similar soil type by the established ordinary 
execution process. If no comparable experience on a similar 
soil is available, standardized laboratory mix test is 
conducted on representative soil layers by changing the 
type and content of binder in order to assess the range of 
field strength attainable with reasonable construction cost. 
The standardized laboratory mix test procedure was first 
proposed by the Port and Harbour Research Institute in 
1970s and included in the research papers published by the 
Institute. The procedure was later adopted as the standard of 
Japanese Geotechnical Society (2000). English version of 
the standard may be distributed to the present conference 
participants. 

However it should be accepted that the strength obtained 
by the laboratory mix test is not a precise prediction for a 
particular construction project but it gives an index for the 
actual field strength. This is because the strength of treated 
soil depends on a variety of factors as shown in Table 1.  

The first category in the table is characteristics of binder. 
The second is characteristics of the native soil. Especially 
the type of clay minerals, the type and contents of organic 
matter and water content are important. The third is a 
manufacturing condition, especially the degree of mixing 
which changes from one equipment to another is important. 
The fourth is the curing conditions. Temperature is related 
to the size of improved soil as well as to the amount of 
binder. In the laboratory mold test, there is no way to 
simulate III and IV except for the amount of binder and 
curing time. 

 



Table 1 Factors affecting the strength increase 
(Terashi, 1997) 

 
I  Characteristics of binder 

1 type of binder 
2 quality of binder 
3 mixing water and secondary additives 

II  Characteristics and conditions of Soil 
1 physical, chemical and mineralogical 

properties of Soil 
2 organic content 
3 pH of pore water  
4 water content 

III  Mixing conditions 
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 wetting and drying/ freezing and thawing 

 

Because the laboratory test results only provide us an 
index of strength, the database plays an important role in 
predicting field strength. Figure 5 shows the relationship 
between average field strength quf and average laboratory 
strength, qul for the on-land applications (PWRC, 1999). 
Figure 5 is subdivided into four types by considering the 
difference in soil type and the difference in execution 
process (dry or wet). Irrespective to the execution process, 
quf/qul for clayey soil is in the range from 1 to 1/3. Whereas 
the quf of the sandy soil is large and the quf/qul is in the range 
from 1 and 1/2. Matsuo (2002) reported the statistical 
analysis of field data conducted by the River Bureau of the 
Ministry of Construction. The number of test data was 
nearly 4,000. The quf/qul ratio is higher than the past 
experience compiled in Figure 5. The lower limit of quf/qul 
for clay and organic soil was 0.5 and that for sandy soil was 
1.0. 

Similarly, Figure 6 is the relation between quf and qul for 
marine works by the Japanese wet method employed to 
improve the sea-bottom sediment. In the marine 
construction, quf/qul exceeds 1.0. 

                 

Figure 5  Relation between average field strength quf and laboratory strength qul for on-land works (Public 
Works Research Center, 1999)  



The reason why the quf/qul differs between sand and clay 
is not clearly understood. This is often attributed to the 
current laboratory mix test procedure, which was originally 
developed for evaluating the clay and organic soils. The 
tapping of sand and cement slurry mixture during the 
specimen preparation may invite bleeding of the binder and 
reduce the laboratory strength. Another reason often 
mentioned is the influence of confining pressure acting on 
the soil in-situ (for example, Matsuo, 2002).  

The difference between on-land applications and marine 
applications may be attributed to two reasons. One is the 
difference in the mixing condition. The ordinary on-land 
machines both for dry and wet methods are dual shaft 
machine. When compared with the mixing tool as already 
shown in Figure 4, degree of mixing in on-land works may 
be inferior to the marine work. Another reason is the curing 
temperature, which is generated by hydration of cement. 
Often the group of isolated columns are manufactured 
on-land with lower strength (lower binder content) than 
marine applications. Whereas huge treated soil mass is 
created in marine application and the binder content is 
ordinarily much higher. These result in the higher 
temperature for marine works. High curing temperature 
accelerates the strength gain in short period of time. 

Regarding the database, it is necessary to consider the 
following issues: 
1) The currently available design manuals or standards 

often specify that the design strength be based on 28-day 
strength both in the laboratory and field.  

2) As the quf/qul relation is influenced by the difference in 
the soil type and mixing process and various other factors 
as summarized in Table 1, the empirical relation such as 
shown in Figures 5 & 6 obtained in Japan is not always 
applicable to the other parts of the world.  

3) When a new mixing tool is developed or when a new 
binder is introduced, or when the deep mixing is applied 
to different soil type, the empirical relationship must be 
established for the new conditions using a number of test 

data sufficient for statistical evaluation. 
 
4.2 Uniformity of In-situ treated soil  
Regarding the in-situ treated soil the uniformity is another 
important factor for determining design strength from the 
average field strength. Noto et al (1983) reported that the 
coefficient of variance V (standard deviation/mean value) 
varies from 0.2 to 0.4 for the wet method employed to 
marine construction based on the four case records. Now 
the number of well documented case records increased to 
17 case records and CDIT (1999) reported that the V is 
around 0.3 in most cases and varies from 0.2 to 0.5 for the 
wet method in marine construction.  

There is a limited data for the uniformity of the treated 
soils in on-land works. This is because the project size is 
smaller in general in the on-land works and the number of 
data is insufficient for statistical examination. Matsuo 
(2002) recently collected data from 10 sites and analyzed 
nearly 7,000 data. Figure 7 is the relation between the 
standard deviation and the mean value of in-situ treated soil. 
The coefficient of variance is larger for on-land work and it 
ranges from from 0.4 to 0.6 with the average of 0.5.  

Influence of inhomogeneity on the design strength needs 
further investigation. One of the interesting research works 
on this line was done by the Building Center of Japan. BCJ 
conducted loading tests on full-scale treated soil columns 
having 100 cm diameter. Also the field strength of the 
treated soil columns were determined by the unconfined 
compression tests on a number of cored samples with 5 cm 
diameter. Figure 8 shows the test results. Twenty-six 
full-scale columns were retrieved from the different sites 
and they covered a variety of soil types. The full-scale 
columns failed at around 70 % of the average field 
strengths. BCJ further examined the relation of full-scale 
load, average field strength and the coefficient of variance 
and established the guideline to determine the design 
strength, which is now included in the guide line (BCJ, 
1997) applicable for building foundation. 

            
Figure 6 Relation between quf and qul for marine works (CDIT, 2002) 



  

                
Figure 7  Relation between standard deviation and mean strength for on-land works (Matsuo, 2002) 

                         
 
Figure 8  Comparison of failure load of full-scale columns and unconfined compressive strengths on core 

samples (BCJ, 1997) 



4.3 Long term performance of treated soil 
The design (geotechnical design) of the deep mixing is 
ordinarily based on 28-day strength. Accumulated data on 
laboratory mix test results and the verification test results at 
the construction sites were those obtained from treated soils 
aged less than a month or two, although the strength may 
increase further afterward. On the contrary to this, there is a 
possibility of deterioration of treated soil in the long term as 
pointed out by Terashi et al (1983). In order to determine 
the design strength and performance life of treated soils 
rigorously, it is necessary to investigate the treated soil in 
the long term. It will become most important especially for 
the environmental applications such as the containment of 
contaminated soils.  

In 2001, after 20 years of construction, four borings were 
conducted to obtain undisturbed core samples of the in-situ 
treated soil at Daikoku Pier in Yokohama which was 
referred to, earlier in the present paper, as the landmark 
project for the wet method (Ikegami et al, 2005). The site 
was selected for investigation because the tremendous test 
data during construction phase was recorded. The layout of 
the borings in cross section is shown in Figure 9. Two 
borings (Bor. No.1 & 2) were inclined at angle of 20 
degrees from vertical, by which continuous core samples 
with 80 mm in diameter were retrieved from the top to 
bottom of the treated soil. Other two borings (Bor. No.3 
& .4) inclined 45 degrees from vertical were conducted to 
retrieve the core samples with 200 mm in diameter at the 
side boundary between treated soil block and original 
ground.  

(strength gain in the long term) 
Figure 10 shows the profile of unconfined compressive 

strength of three months after the construction and those 20 
years after the construction. Required design strength at 28 
days was 2.26 MPa. The average field strength at 3 months 
was 6.3 MPa with the coefficient of variance around 0.4. 
The relation between the design and average field strength 
was considered quite acceptable at that time when only a 

limited case records were available. The average field 
strength today is 13.2 MPa with coefficient of variance 0.39. 
From the comparison at this project, nearly two times 
strength increase is observed. 

The long-term strength has been one of the major 
concerns of practicing engineers involved in the admixture 
stabilization by lime, cement, or similar binders. In the 
development and initial application stages, several research 
groups tackled the topic either by laboratory or field 
investigations. Among others, Saitoh (1988) has conducted 
extensive laboratory study up to five years. Terashi and 
Kitazume (1992), Yoshida et al. (1992), Ikegami et al. 
(2002a), Inagaki, et al. (2002), Japan Cement Association 
(2002) and Hayashi et al. (2003) have investigated in-situ 
treated soils aged more than 10 years. These field studies 
covered deep mixing and similar technologies with 
different soil and different binders. The common conclusion 
is the steady increase of strength with time at least in the 
central portion of treated soil columns. Then the question is 
whether 28-day strength is appropriate or not if we could 
predict the strength increase beforehand.  

(deterioration of treated soil in long term) 
The upper and lower half of Figure 11 shows the 

distribution of strength and Ca content along horizontal 
direction at the periphery of the treated soil block. 
Horizontal distance is shown in the logarithmic scale in 
order to show the precise distribution. Strength here was 
examined by penetrating the needle into the soil and the 
measured resistance was converted to the unconfined 
compressive strength. The deterioration is clearly found in 
the upper half of Figure 11. Open and solid circles are the 
strength after 20 years of construction measured by needle 
penetration. The line shown as “Average of inside (2001)” 
indicates the average value of unconfined compressive 
strength measured on the core samples inside the treated 
soil mass. At the area from the boundary to 30 – 50 mm, the 
strength of treated soil is confirmed to be much lower than 
the sound portion of the treated soil. The circles in the 

 
Figure 9 Layout of borings and treated soil block 

(Ikegami et al, 2005) 
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Figure 10 Profile of unconfined compressive 
strengths at 3 months and 20 years after the 
construction (Ikegami et al 2005) 



lower half of the figure are Ca content measured on the 
samples aged 20 years. The line shown as “Average of 
inside (1981)” shows the average value of Ca content 
measured 20 years ago. The clear reduction of Ca content is 
associated with the reduction of strength. This is perhaps 
the only available data, which confirmed clearly the 
evidence of deterioration on in-situ treated soil.  

There are a limited number of research works undertaken 
in the laboratory to investigate the rate and magnitude of 
deterioration. Test results on the rate of deterioration 
reported so far are compiled in Figure 12. The deterioration 
is a slow process almost proportional to the square root of 
time and the magnitude may be in the range between 10 to 
100 mm after 10 years of construction. 

 
The strength increases inside the treated soil mass. But at 

the same time there is a possibility of strength reduction at 
the periphery of treated soil exposed to the outer 

environment. The magnitude of deterioration will not affect 
the overall behavior of the huge treated soil mass often 
found in the marine applications. However if the similar 
deterioration happens to the singular column, the influence 
may be quite large. Further study by field investigation of 
the real life treated soil is recommended. 
 
 
5 COLUMN INSTALLATION PATTERN  
When the design strength or the range of design strength is 
estimated, the next step is the initial assumption of the 
column installation pattern and dimension of the improved 
area (Figure 1). The column installation pattern may vary 
from a group of isolated singular columns to the massive 
continuous improvement by overlapping all the singular 
columns. There exist a preferred column installation pattern 
and preferred range of strength corresponding to each 
application, which were empirically accepted as appropriate、
because the column installation pattern is closely related to 
the function of the improved ground. Figure 2 shows 
typical applications of deep mixing in Japan. Figure 13 
shows typical column installation patterns; namely group 
columns, wall, lattice (grid) and block type.  

To improve the foundation ground for a permanent 
and/or important structures such as the foundation for 
breakwater or revetment, massive improvement by block, 
wall or lattice type has frequently been applied. In these 
massive application, each singular column were overlapped 
each other in the successive manufacturing. For the 
excavation support, deep mixed wall or buttress was 
applied. In such applications to support large horizontal 
forces the strength of treated soil often exceeds 1 MPa in 
terms of unconfined compressive strength.  

Grid pattern is recently employed to building foundations 
to reduce settlement, to provide horizontal resistance to the 
foundation piles, and in some cases to reduce the possibility 
of liquefaction. Also the pattern is applied to the foundation 
for high and wide river embankment (Super Levee), The 
required strength is around 500 kPa. 
 

Figure 11 Strength and Ca content distribution 
near the periphery of in-situ treated soil block 
(Ikegami et al, 2005) 

Figure 12 Progress of deterioration with 
logarithm time (Ikegami et al, 2005) 

Figure 13  Column installation patterns (Terashi 
and Tanaka, 1981) 
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The group of singular columns is often applied to the 
road embankment expecting the settlement reduction and 
improvement of stability in some cases. Group columns is 
also used at the bridge abutment to reduce the uneven 
settlement between piled abutment and embankment fill. In 
these applications unconfined compressive strength is 
around 500 kPa in Japanese applications and less than 150 
kPa in Nordic applications.  
 
 
6 GEOTECHNICAL DESIGN 
Geotechnical design of the improved ground is performed 
to assess the stability and settlement of the structures to be 
built. The geotechnical design procedure differs with the 
different application. Common to all the applications is the 
large difference of the stiffness and strength between 
treated and untreated soils. The mode of deformation and/or 
mode of failure of the improved ground are dependent on 
the installation pattern, position of the improved ground 
relative to the superstructure (e.g., passive, transient or 
active zone), relative strength between treated and untreated 
soils included in the system, and external load conditions. 
The improved ground should not be considered as a 
uniform material with the averaged characteristics but a 
geo-composite system. For each application, design should 
be based on the rigorous understanding of the interaction of 
stiff treated and soft untreated soils which leads to the 
understanding of the mode of deformation and mode of 
failure. It may be worthwhile to overview the behavior of 
deep mixed foundation here by changing some of the 
influential factors. 
 
6.1 Simulation of deep mixed foundation 

(Tool for simulation and geometry of the model) 
The elasto-plastic analysis with Finite Difference Method 

proposed by Cundall and Board (1988) was used in the 
present simulation to understand the overall picture of the 
behavior of the improved ground. For the constitutive 
equation, the Mohr Coulomb model was used as the 
elasto-plastic model. This model involved a Mohr Coulomb 
criterion with tension cut-off and a similar criterion to the 
Mohr Coulomb criterion as a yield function and a potential 
function respectively. The total stress analysis was used. 

In a series of numerical simulation, a superstructure, soil 
profile and improved area were modelled as shown in the 
upper portion of Figure 14. In order to avoid unrealistic 
situation, geometry and material properties were selected 
similarly to the landmark project at Daikoku Pier. The super 
structure in the model was relatively a rigid structure such 
as a concrete caisson underlain by a layer of granular 
material. The original ground was a two-layer system.  
The upper surface layer was the soft soil to be improved by 
deep mixing; whose thickness was 15 m. Treated soil 
columns installed by block type were born on the lower 
layer whose thickness was 15 m. The strength of the lower 
layer was changed with calculation case but always 
stronger than the surface soft layer. The bottom boundary of 
the grid may be considered as the rigid stratum.  
 

 

 
 
Figure 14 Geometry and loading condition 

 
(Material properties) 
The strength of treated soil was specified by the 

unconfined compressive strength of treated soil, qut, which 
was one of the parameters changed according to the 
purpose of calculation. The other properties of treated soil 
were derived from qut by the following relationships; 
undrained shear strength, su ＝ 0.5 qut; Young’s modulus E = 
400su.( E = 200qut); tensile strength σt = 0.30su .( σt = 0.15 
qut). Poisson’s ratio and the density were given by the 
constant value of 0.25 and 14.0 (103kg/m3) respectively. 

The strength of lower layer, by which treated soil 
columns were supported, was specified by the unconfined 
compressive strength, qub. The value of qub was another 
important parameter, which was changed. The strength of 
the soft upper layer was a constant value of 30 kPa in the 
present simulation. The other properties of the upper and 
lower layers are derived from unconfined compressive 
strength, qu by the following relationship; .undrained shear 
strength, su ＝ 0.5 qu; Young’s modulus E=210su.( E=105qu),   
tensile strength σt=0.70 su,=0.35qu)..Poisson’s ratio and the 
density were given as the constant value of 0.45.and 14.0 
(103kg/m3), respectively. 

The gravel mound between the concrete caisson and the 
improved ground was represented by the interface element.  
Normal and shear stiffness were adjusted as 10 times larger 
than the value of Young’s modulus of improved ground. 
Friction angle was taken as 40 degree, and dilation angle 
was 15 degree. Cohesion and tensile strength were zero. 

(Application of load component) 
As shown in the lower portion of Figure 14, vertical and 

horizontal load components were given to the rigid 
foundation by applying displacement in terms of velocity. 
Vertical load was given by downward vertical displacement 
at the upper surface of the foundation. The horizontal load 
was also given by providing horizontal displacement to the 
side surface of foundation. The horizontal load was applied 
after the application of predetermined vertical load.  

Lower layer

Upper layer Treated soil

10m

130m
30m

15m

15m

Rigid structure
5m

Treated soil Gravel mound
(Interface elements)

Incremental load
(Velocity applied to the grid)

Rigid structure



6.2 Behavior of block type deep-mixed foundation 
A series of calculation were conducted to understand the 
behavior of block type deep-mixed foundation (Ohno and 
Terashi, 2005). The calculation had no specific prototype, 
but the results will provide a qualitative picture of deep 
mixed foundation. Throughout the calculation of different 
series, geometry was unchanged and the strength of soft 
layer was kept constant at qu = 30 kPa.  The pattern of 
improvement was always block type improvement. 
  (Series 1: Influence of the strength of treated soil on the 
behavior of vertically loaded improved ground):  Series 1 
resembles somewhat to the ordinary design process. Under 
the given soil condition geometry of improvement was first 
assumed and then strength of treated soil was changed to 
see how the bearing capacity increased with increasing 
strength of treated soil. Here, the unconfined compressive 
strength of the lower layer was kept constant at 200 kPa. 
Unconfined compressive strengths of treated soil qut in Case 
1-1 to Case 1-4 were 100 kPa, 200 kPa, 500 kPa and 1,000 
kPa. As a natural consequence of increased strength of 
treated soil, bearing capacity increased accordingly as 
shown in Figure 15. Bearing capacities were plotted against 
unconfined compressive strength in Figure 16. Although the 
ratio of bearing capacity increase is larger at the lower qut 
and smaller at the higher qut., overall trend is approximately 
linear. 10 times increase of qut resulted in roughly 6 times 
increase of the bearing capacity. 

Figure 17 a) and b) respectively shows the 
displacement vector and distribution of shear strain for qut = 
100 kPa when the vertical displacement of the foundation 
reached 25 cm. Figure 17 c) and d) are corresponding 
figures for qut = 1,000 kPa. When the strength of the treated 
soil is smaller than that of lower layer, it is clearly 
understood by Figure 17 a) & b) that the bearing capacity is 
determined by the failure inside the treated soil block. 
Whereas treated soil block penetrates into lower layer and 
the deformation and failure of the lower layer is dominant 
for qut = 1000 kPa case. Although approximately linear 
relation was found on the bearing capacity change, mode of 
failure exhibited drastic change.  
 
 
 
 
 
 
 
a) displacement vector (Case 1-1, qut = 100 kPa) 
 
 
 
 
 
 
 
c) displacement vector (Case 1-4, qut = 1000 kPa) 
 
 
 

The former mode of failure is called “internal stability” and 
the latter “external stability”. In Series 1, the failure mode 
changed from the internal stability to external stability 
while the strength of the treated soil was increased from 
100 kPa to 1000 kPa.  

Figure 15  Load – displacement curve for Series 1     
Effect of qut 

 
Figure 16 Bearing capacity and qut relation for Series 1 
 
 
 
 
 
 
 
 
 
    b) shear strain （Case 1-1, qut = 100 kPa) 
 
 
 
 
 
 
 
   d) shear strain (Case 1-4, qut = 1000 k Pa) 
 
 Figure 17  Diplacement vector and distribution of shear strain at 25 cm vertical dipl of loading plate  

(Vertical loading  qub = 200 kPa with varying qut ) 
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In this and in the latter series, calculated bearing capacity 
was not the ultimate bearing capacity. The load 
corresponding to the yield point of the load – settlement 
curve was defined as bearing capacity.  

(Series 2: Influence of the strength of lower layer on the 
behavior of vertically loaded improved ground):  On the 
contrary to Series 1, the strength of treated soil, qut was 
fixed at 1,000 kPa in Series 2 and the strength of lower 
layer, qub was changed to examine how the strength of 
lower layer would influence the bearing capacity. 
Unconfined compressive strengths of the lower layer, qub 
varied from Case 2-1 to Case 2-5 and were 100, 200, 500, 
1,000, and 10,000 kPa respectively.  

Figure 18 shows the load – vertical displacement relation 
for Series 2 and Figure 19 shows the relation between 
bearing capacity and strength of lower layer. As was 
expected, bearing capacity increased with the increase of 
the strength of lower layer. In Series 2, the strength of lower 
layer qub was increased to 100 times from Case 2-1 to Case 
2-5. However, the increase of the bearing capacity was less 
than 3 times. Figure 20 showing the displacement vector 
and shear strain distribution explains the reason. The mode 
of failure for the Case 2-1 is typically that of external 
stability where the stiff treated soil block penetrates into the 
bearing layer. The treated soil block in the Case 2-1 and 
Case 2-2 functioned to transfer the external load to the 
lower layer and bearing capacity reflected the increase in 
qub. After the strength of lower layer exceeded 500 kPa, 
typically for Case 2-4 and Case 2-5, failure dominantly 
took place in the treated soil block and there was no 
substantial increase in the bearing capacity. Case 2-3 was 
the transition.  
 
 
 
 
 
 
 
 a) displacement vector (Case 2-1, qub = 100 kPa) 
 
 
 
 
 
 
 
 c) displacement vector (Case 2-3, qub = 500 kPa) 
 
 
 
 
 
 
 
 e) displacement vector (Case 2-5, qub = 10,000 kPa) 

Figure 18 Load – displacement curve for Series 2: 
Effect of qub  

Figure 19  Bearing capacity and qub relation 
 
 
 
 
 
 
 
 
b) shear strain (Case 2-1, qub = 100 kPa) 
 
 
 
 
 
 
 
d) shear strain (Case 2-3, qub = 500 kPa) 
 
 
 
 
 
 
 
f) shear strain (Case 2-5, qub = 10,000 kPa) 

Figure 20 Displacement vector and distribution of shear strain at 25 cm vertical displ of loading plate 
               (Vertical loading   qut = 1000 kPa with varying qub ) 
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Figure 21 summarizes the results found for vertical 
loading in Series 1 and Series 2. The vertical axis shows the 
bearing capacity normalized by the unconfined compressive 
strength of the treated soil. The horizontal axis is the ratio 
of shear strength of lower layer and that of treated soil, 
qub/qut. As shown in the figure, while the qub/qut is smaller 
than 0.5, the bearing capacity is governed by the external 
stability and increases with increasing qub. Whereas, when 
qub/qut exceeds 0.5, internal stability governs the bearing 
capacity and normalized bearing capacity becomes nearly 
constant.  

Such transition of the mode of failure or the mode of 
deformation would occur for the other patterns of column 
installation. Therefore the understanding of the failure 
mode is one of the important factors in establishing 
geotechnical design procedure. However, there is a 
tendency to discuss the mode of failure or the geotechnical 
design procedure relating only to the strength of treated soil. 
Figure 21 clearly showed that the change of mode should 
be discussed in relation to the relative strength between 
treated and untreated soils. It should also be noted that the 
transition of mode at qub/qut = 0/5 is only valid for this 
particular geometric condition. 

Figure 21  Bearing capacity change with qub/qut  
 

(Series 3: Influence of the horizontal load component) 
When the horizontal load component exists, which is the 

general case for most structures, failure modes become 
further complicated. The basic model for the present 
calculation was already shown in Figure 14, in which a 
gravel mound (interface layer) existed between rigid 
foundation and the improved ground.  

In Series 3, the strength of the treated soil, qut was 1000 
kPa and that for the bearing layer, qub was 200 kPa. This 
ground condition was the same as the Case 1-4 and Case 
2-2. This was the ground where the external stability was 
dominant when the improved ground was vertically loaded 
to failure. Figure 22 shows the load – vertical displacement 
relation on which the bearing capacity against vertical 
loading was evaluated as 1080 kPa. Horizontal load 
component was applied to the foundation after a certain 
percentage of bearing capacity was applied. Figure 22 
shows the applied vertical load levels: 288 kPa, 432 kPa, 
576 kPa, 756 Pa and 1008 kPa.  

Horizontal load – horizontal displacement relations are 
shown in Figure 23. For the case with the smallest vertical 
load, the ultimate load was taken as the horizontal bearing 
capacity. For the other cases, horizontal bearing capacity 
was taken at the yield point of load – displacement relation. 
The bearing capacities thus obtained are plotted on the 
vertical load and horizontal load plane as shown in Figure 
24. The solid line in the figure is inclined at 40 degree to 
horizontal and suggests the shear failure of the gravel 
mound between the foundation and the improved ground. 

 
Figure 22  Vertical load component level used for 
calculating horizontal load bearing capacity 

Figure 23  Horizontal load – displacement relation 

 
Figure 24 Bearing capacity in V-H Load plane 
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a) displacement vector (Case 3-1, V = 288 kPa) 
 
 
 
 
 
 
 
 
 c) displacement vector (Case 3-3, V = 576 kPa) 
 
 
 
 
 
 
 

e) displacement vector (Case 3-5, V = 1008 kPa) 

 
Figure 25 shows the horizontal displacement vector and 

shear strain distribution when the foundation moved 20 cm 
in the horizontal direction. Figure 25 a) and b) are the 
results of Case 3-1 where the vertical load component is 
288 kPa. As the vertical load is small, the foundation seems 
to slide due to the shear failure of the gravel mound. In 
Figure 25 c) and d) of Case 3-3 under V-load component of 
576 kPa, the foundation and treated soil block moves 
together into horizontal direction and the external failure of 
treated soil block by the sliding mode became dominant. 
Passive earth pressure acting on the treated soil block may 
be the dominant failure mode. Whereas under high vertical 
load component in Case 3-5, the treated soil block fails 
internally accompanying the bearing capacity failure in the 
lower layer. 

(Series 4: Preliminary thought on influence of lap joint) 
In the calculation of the above series, the treated soil was 

considered as an isotropic material. In the actual 
construction, treated soil mass can be manufactured only by 
overlapping a number of singular columns. Figure 26 shows 
schematically horizontal cross section of overlapped 
portion manufactured by dual-shaft machine. Some portion 
of the soft soil may be left untreated and hence the lap joint 
face may become weak plane in the treated soil mass. In 
order to see the influence of lap joint face qualitatively, 
weak plane model (Ubiquitous-joint model) was introduced 
in which shear strength on the vertical plane was reduced to 
60 % and the tensile strength in the horizontal direction was 
also reduced to 60 % for trial.  

 
 
 
 
 
 
 
 b) shear strain (Case 3-1, V = 288 kPa) 
 
 
 
 
 
 
 
 

d) shear strain (Case 3-3, V = 576 kPa) 
 
 
 
 
 
 
 
f) shear strain (Case 3-5, V= 1008 kPa) 

 

 
Figure 26 horizontal cross section at the overlapped 
portion in the massive treatment  
 

The influence of horizontal load component was 
investigated on the combination of qut = 1000 kPa and qub = 
200 kPa and shown earlier in Figure 24. Similarly the 
influence of horizontal load was investigated on the ground 
condition, where qut = 1000 kPa and qub = 10000 kPa. 
Figure 27 shows the influence of horizontal load 
component and the influence of lap joint on the above two 
ground conditions. Open squares and open circles in the 
figure were calculated on the isotropic treated soil. Bearing 
capacity in V-H plane becomes larger with increasing 
strength of the bearing layer.  

Figure 25  Displacement vector and shear strain at 20 cm horizontal diplacement of loading plate 
                  (Inclined loading    qut = 1000 kPa, qub = 200 kPa) 



The solid squares and solid circles are the results of the 
calculation using the weak plane model to see the influence 
of the lap joint. Although the shear and tensile strengths on 
the weak plane was reduced to 60 %, the influence on the 
bearing capacity was not that much at least by this 
simulation. As there is not much information available on 
the engineering characteristics of lap joint except for the 
study by Tanaka and Terashi (1986), the author admit that it 
is difficult to evaluate the influence only by the current 
simulation. Further study is expected.  

 
Figure 27 Bearing capacity in V-H plane and the 
possible influence of lap joint face 
 
  (Consideration related to geotechnical design) 
  A qualitative picture of the behavior of a deep mixed 
foundation is shown above on a simple geometric condition. 
The results are not new findings and the most of design 
engineers can imagine the results even without running 
computer. Nevertheless, it should be emphasized that the 
picture is important for the geotechnical designers or those 
who write the design code. 

While the strengths of treated soil and the underlying 
layer were changed, the mode of failure shifted from one 
extreme of external stability to the other extreme of internal 
stability. In between these extremes there was a transition 
phase as shown in Figure 21. It may be easily understood 
that the strength ratio, which corresponds to these extremes 
or to the transition, will change if the width and/or the 
height of treated soil block differs from that in Figure 14.  

The approach of drawing a picture of the behavior here is 
different from that taken in the routine design process. The 
approach taken here is to find out the capability of the 
ground with a given geometry by changing the strength. 
The results provided the capability, for example, in the 
vertical and horizontal plane such by Figure 27. In the 
routine design, design is performed to establish the 
optimum combination of the shear strength and geometry 
(size of the improved area) under given load condition. 
Then the different picture may be drawn as shown later by 
Figure 29. However these different pictures are the both 
side of the same coin. The picture shown here by Figure 27 
provides designer a good insight if there is uncertainty in 
the loading condition. 

The interaction of treated and untreated soils are often 

discussed based on the strength of treated soil alone, 
however, important is the relative strength and/or relative 
stiffness of the treated and untreated soils. If the geometry 
of the model ground is complicated, the relative strength of 
treated soil may be discussed in relation not only with the 
lower layer but also with the soft clays between treated soil 
columns and with other layers involved in the system. 

Horizontal load component influenced the failure load 
and to some extent influenced the mode of failure. When 
the height of superstructure differs, moment force may also 
influence the load bearing capacity. Existence of weak 
plane such as lap-joint face may give influence as well.  

Geotechnical engineers may carefully examine and 
incorporate various modes of failure into his/her design. 
The above said relative strength may be based on the design 
strength that is derived from 28-day field strength. However, 
field strength is a factor of curing time and increases with 
time. The contractors tend to create stronger treated soil 
than specified in the design document. Then the question is 
that the mode of failure imagined by the designer may be 
far different from the real life situation. 
  Kurisaki et al (2005) and Ohishi et al (2005) that will 
appear in the present conference have run both the physical 
and numerical modeling of deep mixed foundation by block 
type. Numerical modelings are undertaken to simulate the 
results of physical modeling by centrifuge especially of the 
internal stability problem with promising results. The 
purpose of simulation here is to draw a qualitative picture 
and the definition of the bearing capacity is slightly 
different from those papers. The qualitative picture drawn 
here should preferably be verified through the comparison 
between physical modelling.  
 
6.3 Available geotechnical design procedures 
A variety of applications of deep mixing were shown in 
Figure 2. The geotechnical design procedure for each 
application currently available was proposed by the 
corresponding responsible authority. BCJ (1997) is a 
comprehensive manual for design and quality control for 
the building foundations. (PWRC, 1999) compiled a design 
and construction manual for the on-land applications mostly 
by the group column type. CDIT (1999) is focusing on 
marine application mostly by the massive improvement by 
means of block type, wall type and grid type.  

The author discussed the drawback of the current design 
procedure for group column type (Terashi, 2003). The point 
emphasized in the discussion was the need of understanding 
the composite system comprising stiff treated soil columns 
and soft untreated soil, which may lead to various modes of 
failure in short term. The drawback had been clearly shown 
by the centrifuge model tests by Kitazume, et al. (2000) and 
also pointed out by Kivelo and Broms (1999).  

The author intends to concentrate on the massive 
improvement in the current keynote mostly due to the time 
limitation. All the issues discussed in the present paper 
were also the issues discussed when WG established in the 
Ministry of Transport worked out the design procedure 30 
years ago along with the landmark project at Daikoku Pier. 
Numerous samples were retrieved from the in-situ treated 
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soil to determine design strength, process control and 
quality control. With limited information and confidence in 
the then newly developed technology, for both the 
determination of design strength and the establishment of 
geotechnical design procedure, conservative approaches 
were inevitable. Two-dimensional elastic analyses by FEM 
were carried out for block type and three-dimensional 
elastic analyses were conducted also by FEM on wall-type 
and grid type for different ground conditions and for 
different geometry of improvement. Based on the results 
and with engineering judgement, simple calculation was 
proposed for internal stability in the routine design. The 
current design concept and procedure does not differ too 
much from the original design procedure established then. 

(current design procedure for marine construction) 
The stability of a treated soil block-is examined 

essentially by the following four steps: 
1st: External stability analysis of superstructure to ensure 

that the superstructure and the improved ground can 
behave as a whole. 

2nd: External stability analysis of treated soil block by 
examining the following failure modes; 

a) Sliding failure and overturning failure of the 
treated soil block. 

b) Bearing capacity of the ground underlying the 
treated soil block. 

3rd: Internal stability analysis of the treated soil block to 
confirm that the induced stresses within the treated soil 
become lower than the allowable strengths. 

4th: Stability and displacement analyses of the whole 
structure including the superstructure and the improved 
ground, e.g. by slip circle analysis for the stability and 
consolidation settlement analysis of the layer beneath the 
treated soil block. 

Design loads used for the external and internal stability 
analyses are schematically shown in Figure 28. In this 
figure, right (rear) and left (front) sides of the improved 
ground indicate the active and passive side, respectively. 
In the external stability analysis, the sliding and overturning 
stabilities are calculated by the equilibrium of horizontal 
forces and moment of external forces respectively, using P, 
W, HK and R shown in Figure 28. The required safety 
factors against sliding and overturning failure are more than 
1.2 for a static condition, while it is more than 1.0 and 1.1 
for a seismic condition, respectively. To evaluate the 
bearing capacity of the layer beneath the treated soil, the 
induced pressure distribution on the bottom of the treated 
soil block, which is indicated as reaction pressure T in 
Figure 28, is calculated by the equilibrium of vertical forces 
and moment of external forces. The maximum reaction 
pressure T1, which is generated at the front edge of the 
treated soil block, is confirmed to be lower than the bearing 
capacity of the ground beneath the treated soil. 

In the internal stability analysis, it is recommended that 
the induced stresses should be evaluated by the elastic 
analysis because the treated soils with high strength has 
sufficient margin of safety. For simplicity in the routine 
design practice, however, the toe pressure and the average 
shear stress acting on the vertical plane in the treated soil 
block beneath the front edge of the superstructure are 
examined. The toe pressure is calculated by the same 
manner as the reaction pressure at the bottom of the treated 
soil block in the external stability analysis. The maximum 
toe pressure T1 has to be lower than the allowable 
compressive strength σca of the treated soil. The vertical 
shear stress Sl has to be lower than the allowable shear 
strength τa (= σca/2) of the treated soil. The allowable 
strength is determined on the basis of unconfined 
compressive strength qu of the treated soil, taking account 
of various safety factors to compensate unknown 
characteristics of in-situ treated soils such as the safety 
factor of a material, influence of lap joint expressed by 
effective width of a treated soil column, reliability of 
overlapping and the correlation factor for scattered strength. 
σca often results in between 1/6 and 1/10 of the average qu 
measured on in-situ treated soil. 
  As described above, several different modes are involved 
in each design stage. The solution should satisfy all the 
modes of concern. Figure 29 exemplify how the optimum 
solution is reached by the current design procedure. A 
superstructure selected for the example is an earth retaining 
structure composed of gravel mound and concrete caisson. 
Superstructure is to be constructed on a soft clay layer 
underlain by reliable bearing stratum of dense sand as 
shown in the upper left corner of the figure. The first 
approximation of the shape and size of treated soil block in 
this trial calculation is shown by broken lines. The purpose 
of design here is to obtain the optimum combination of X 
and B in the figure. To obtain necessary factor of safety, 
width B of treated soil mass is increased by changing 
distance la or lb. Three curves in the figure corresponds to 
the minimum extent of treated soil mass which satisfies the 
external stability requirement of sliding failure mode (line 

Figure 28. Schematic diagram of design loads
(Ministry of transport, 1989) 

Where 
P:  earth pressure, pore water pressure 
W:  mass force 
HK: seismic inertia force due to earthquake 
R:  shear strength acting on the bottom of the improved ground 
T:  reaction pressure at bottom 



I), induced shear stress at the toe of the treated soil block 
(line II) and also shear stress in the vertical plane in front of 
superstructure (line III). Hatched zone satisfies all the 
requirements and point A is the optimum. In this particular 
example, other modes are not the governing factors. Arrow 
on each line shows a direction for higher factor of safety for 
each mode of concern. 
 

 
Figure 29 Determination of optimum design by the 
current design procedure (Terashi, et al, 1985) 
 
  (liquefaction countermeasure by grid type improvement)  
  Liquefaction of loose sand induced by earthquake often 
causes the damage to various infrastructures in Japan. 
Therefore, in order to mitigate liquefaction-induced damage, 
ground improvement techniques have been extensively 
applied for both newly built and existing structures. The 
deep mixing is one of the techniques. Public Works 
Research Institute, Japanese Ministry of Construction 
conducted a joint research program with private industries 
to establish the design procedure of deep mixing for the 
countermeasure against liquefaction in 1999. Okamura and 
Tamura (2002) reported the brief outline of the current 
design procedure of deep mixing .as used for an existing 
river dike to tame the excessive settlement during 
foundation liquefaction. Based on the extensive study by 
means of shaking table tests and centrifuge tests, the major 
cause of the large settlement was attributed to the lateral 
deformation of liquefied sand beneath dike away from the 
centerline of the dike. The current design procedure was 
established to guarantee the stability of treated soil block 
during liquefaction. Figure 30 shows the forces to be 
considered in design and Figure 31 shows the flow of the 
current design procedure. The flow also comprises the 
external and internal stability of treated soil mass. 

The important requirement of the river dyke to be 

fulfilled is the crest height in order to protect the hinterland 
from flooding. Okamura and Tamura pointed out that the 
current design procedure should be improved to take 
account of the settlement of the crest.  

 
Figure 30  Forces acting on treated soil during 
liquefaction (Okamura and Tamura, 2002) 
 

 
Figure 31  Flow of design procedure as liquefaction 
countermeasure (Okamura and Tamura, 2002) 

 
 
         I: sliding failure of treated soil block 
         II: shear stress at the toe of treated soil block   
         III: shear stress in the vertical plaene 
        Other modes are irrelevant in this example 
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7 FIELD TRIAL 
If the in-situ treated soil does not satisfy the design 
requirements when soil improvement work finished, there 
would be no measure for further improving the already 
improved (unsatisfactorily hardened) soils.  
  A variety of applications were shown earlier in Figure 2. 
The installation pattern of group columns are preferred in 
the upper left and upper right examples in Figure 2 where 
the reduction of total or uneven settlement are the purpose 
of improvement. The upper middle is the application for 
improving the stability of the embankment, in which treated 
soil columns are often installed in contact each other or 
overlapped to manufacture the walls perpendicular to the 
slip direction. The overlapping of columns is to prevent the 
overturning or bending failure of singular columns. Nearly 
60 % of on-land application both for the dry and wet 
methods belongs to these applications. For almost all the 
other applications in Figure 2, overlapping of singular 
columns are preferred in Japan to manufacture continuous 
treated soil mass. If the overlapping were done 
insufficiently there would be expensive measure for repair 
by means of grouting. This is often the case in the 
application for braced excavation where grouting is used to 
fill the gap between treated soil and sheet pile walls. 
  Depending on the original soil profile, treated soil block 
or treated soil columns are designed on the assumption of 
reliable contact of treated soil and bearing layer. If the 

contact is insufficient and the remoulded zone is left 
underneath the treated soil block, unexpected settlement or 
the lack of bearing capacity must be anticipated.  
  In order to avoid these risks, laboratory mix test, field 
trial test and construction with careful QC/QA are common 
practice in the deep mixing work. Especially the field trial 
test is important. 

To the author’s knowledge, the most intensive and 
well-documented field trial is that undertaken at the 
landmark project at Daikoku Pier. Figure 32 is one of the 
outcomes of the field trial test. As described earlier in the 
present keynote, the purposes of the test were; 1) to confirm 
the average strength and uniformity of treated soil, 2) to 
ensure the overlapping of each column units to create a 
continuous treated soil block and 3) to confirm the 
penetration into the stiff sand layer underlying soft clay in 
order to achieve reliable contact with bearing layer. The 
trial installation was well programmed also to find out the 
influence of different construction parameters. The 
construction control values were monitored and recorded 
during construction. The treated soil was investigated by 50 
continuous core borings and 1,482 specimens were tested 
for strength evaluation. Among 50 borings, 9 core borings 
were inclined from vertical to examine the overlapped 
portion between adjacent column units. By the careful 
interpretation of the test results, construction parameters 
were determined and construction control manual for the 

        

 
 

Figure 32  An example of the intensive field trial test (Nakamura, 1980) 



following actual projects was established.  
Annex of the European Code on “Execution of special 

geotechnical works – Deep Mixing” (prEN 14679) 
describes the importance of the field trial in such a way as 
shown in the next paragraph. 

Because of the uncertainty regarding the applicability of 
the column characteristics determined in the laboratory, 
in-situ tests are required. Uniformity of the columns can be 
fulfilled by some type of sounding, or by core boring, 
and/or by lifting up whole columns. ...Another important 
aspect of field testing is to determine the criteria for the 
construction control of deep mixing. The construction 
control values may include penetration and retrieval speed 
of the mixing tool, rotation speed and torque of the mixing 
tool, overlapping width and rate of delivery of binder/slurry. 
When a column has to be founded in a firm bearing stratum, 
the torque and/or the change of penetration resistance are 
measured to establish the critical construction control 
values. 
 
 
8 CONCLUSION  
The research and development of deep mixing method as it 
is today started in the late 1960s independently in Sweden 
and Japan. The technique was first employed in the real 
construction in the middle of 1970s both in Nordic 
countries and in Japan. After 30 years' experience, deep 
mixing gained popularity and technical confidence in 
Japanese market and European market. In the keynote 
lecture, the author concentrated on the design of deep 
mixing. The author's conclusion was condensed in Figure 1 
in the introduction. In the subsequent chapters, key issues 
associated with the flow chart were discussed mostly based 
on the author’s experience in the past 30 years. In the 
discussion, the author raised a couple of questions to be 
solved in the future. Those include the definition of design 
strength, possibility of deterioration, needs to improve the 
currently available geotechnical design, and so forth. The 
application of deep mixing is still expanding to a new field. 
Growing environmental concern is triggering the use of 
deep mixing into remediation or separation of contaminated 
soil. The execution equipment is experiencing modification 
to attain higher capability. These trends will also bring 
about new research needs. In this regard, the author 
summarized future research directions in the immediate 
past conference at New Orleans (Terashi, 2003), some of 
which are repeated in the following conclusion. 
1. General conclusion 
The design of deep mixing should involve both the process 
design (mix design) and the geotechnical design (functional 
design). The role of the former is to predict and realize the 
required strength and uniformity of the in-situ treated soil. 
The role of the latter is to determine the dimension of 
improved area, installation depth and installation pattern of 
the treated soil columns so that the improved ground may 
satisfy the performance criteria of the superstructure. Only 
when both the process design and the geotechnical design 
are accomplished in harmony each other with the similar 
level of credibility, the best economy and the best 

performance will be guaranteed. It should be noted that the 
design is an iterative process. 
2. Aspect of Process design  

The design of deep mixing work starts with the initial 
assumption of design strength. Assumption becomes the 
requirement for construction if no change were added later. 
Laboratory mix test may be carried out for estimating 
designs strength if no reliable past data is available. 
However, mixing condition and test environment in the 
laboratory differs very much from those in the field. The 
soils are local and execution machines and type of binders 
are different from one project (or one country) to another, 
there is a need to accumulate the laboratory and field data 
to establish the relation between laboratory strength and 
field strength, taking these differences into account.  

In the verification of field strength, headache problem is 
the disturbance of sample during coring. However the 
visual inspection of cored sample is very much important, 
especially when unexpected results were gained. CPT, 
special vanes, geophysical testing etc may supplement the 
traditional coring and testing in the laboratory.  
3. Aspect of Geotechnical design (Functional design) 

The behavior of improved ground depends upon 
complicated time-dependent interaction between treated 
and untreated soils in the geo-composite system. Modes of 
deformation leading to failure are governed by such factors 
as geometry of improvement, relative stiffness of treated 
and untreated soils, loading condition typical for specific 
application, interface properties between structure and 
treated soil/ between treated and untreated soils. In tackling 
a new application, it is not unusual in Japan to run a series 
of reliable scaled model tests and field tests together with 
numerical simulation of the behavior.  
4. Importance of field trial  

If the in-situ treated soil does not satisfy the design 
requirements when soil improvement work finished, there 
would be no measure for further improving the already 
improved (unsatisfactorily hardened) soils. Field trial is 
important to confirm the requirements such as average field 
strength, uniformity, quality of lap joint face, and contact 
with bearing layer in some case. Another important role for 
the field trial is establishing construction control values. 
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ABSTRACT: This paper describes the objectives and main aspects of the code on “Execution of special geotechnical works — 
Deep mixing” (prEN 14679). The standard establishes general principles for the execution, testing, supervision and monitoring 
of deep mixing works. Both dry and wet methods by rotary mixing are included in the standard. In two annexes, Practical as-
pects of deep mixing (A) and Aspects of design (B), additional information is provided.  

 
 

1 INTRODUCTION 
In 1975, the Commission of the European Community initi-
ated a programme to produce a set of technical codes, 
which in the future could serve as an alternative to existing 
national codes and eventually replace them. In 1989, the 
Commission decided to transfer the preparation and publi-
cation of the Eurocodes to the European Committee for 
Standardization (CEN). CEN, whose members are National 
Standard Bodies (NSBs), was founded in 1961 by the na-
tional standards bodies in the European Economic Commu-
nity and EFTA countries.  

Ten Eurocodes are presently in different phases of 
preparation. All Eurocodes were initially published as trial 
codes, known as ENVs. A minimum of two years after pub-
lication of each ENV, NSBs submitted comments on its 
contents and use. In many cases, the final EN will be sig-
nificantly different from corresponding ENVs. Following 
the publication of the Eurocodes together with its National 
Annexes, there will be a period (known as the coexistence 
period), during which they can be used alongside the exist-
ing national codes. At the end of the coexistence period, 
which may last a maximum of three years, NSBs are re-
quired to withdraw their national standards.  

NSBs are not permitted to change any part of the text in 
the Code Document. However, it is recognised that the 
level of safety in a country remains its prerogative. Conse-
quently, some safety factors and a number of other parame-
ters, such as those reflecting differences in climatic and 
geological conditions, are left open in the Eurocodes for 
selection at a national level. These are termed Nationally 
Determined Parameters (NTPs). The National Annex of 
each Eurocode lists the NTPs and other points on which an 
element of national choice exists. The National Annex may 
also include reference to non-conflicting complimentary 
information (NCCI) such as national standards or guidance 
documents. 

 

 
2 GEOTECHNICAL EUROCODES 
In many European countries, the introduction of the Euro-
code on Geotechnical Design, EN 1997 will represent a 
marked change in practice. EN 1997 – Geotechnical design, 
consists of two parts (international publication dates indi-
cated in brackets):  

- EN 1997-1: Geotechnical Design Part 1 – General 
Rules (End 2005) 

- EN 1997-2: Ground investigation and testing (2006?). 
The European Federation of Foundation Contractors, 

(EFFC) has, on behalf of CEN, prepared codes on “Execu-
tion of Special Geotechnical Works”. CEN Working Group 
TC 288 covers execution aspects, which are not addressed 
in EN 1997. They are being developed independently of EN 
1997 and focus on the practical application of a selected 
number of geotechnical construction methods. Since Euro-
code EN 1997 covers geotechnical design, these aspects are 
addressed in the Application Codes only where execution 
affects the design. At the time of preparation of this paper, 
the following seven codes have been approved (interna-
tional publication dates indicated in brackets): 

- EN 1536: Bored Piles (Feb 1999) 
- EN 1538: Diaphragm Walls (Jan 2000) 
- EN 1537: Anchors ( Dec 1999) 
- EN 12063: Sheet Piles (Feb 1999) 
- EN 12699: Displacement Piles (Dec 2000) 
- EN 12715: Grouting (July 2000) 
- EN 12716: Jet Grouting (May 2001). 
In addition, the following six codes are presently under 

preparation, subjected to national inquiries or submitted for 
formal voting (anticipated date of international publication 
indicated in brackets): 

- prEN 14199: Micro-Piles (2004) 
- prEN 14475: Reinforced Soil (2004) 
- prEN 14490: Soil Nailing (2004) 
- prEN 14679: Deep Soil Mixing (2005) 
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- prEN xxxxx: Vertical Drainage (2005)  
- prEN 14731: Deep Vibration (2006).  
 
 

3  CODE ON DEEP MIXING 
This paper describes the objectives and main aspects of the 
code on “Execution of special geotechnical works — Deep 
mixing” (prEN 14679), which was prepared by Working 
Group 10 of CEN/TC288. The implementation of this stan-
dard was sponsored by the Development Fund of the Swed-
ish Construction Industry (SBUF), who nominated the 
Technical Editor (Sven Hansbo) and Convenor (K. Rainer 
Massarsch). Work was started in 2000 and experts from 9 
European countries participated. Also members of a Japa-
nese Mirror Group have taken part in the preparation of the 
draft document and contributed with their extensive experi-
ence. The work was also followed by several European 
mirror groups. The draft was prepared within less than three 
years and submitted to national inquiry in 2003. After revi-
sion of the document, taking into consideration the com-
ments by the NSBs, the standard is now being submitted to 
CEN member countries for formal approval.  

The objective of the code is to establish general princi-
ples for the execution, testing, supervision and monitoring 
of deep mixing works. Both dry and wet mixing methods 
are included in the standard, Figure 1. 

 

 
a) Dry mixing  b) Wet mixing  
Figure 1. Examples of dry and wet mixing machines. 
 
The document consists of the following main chapters: 
1. Scope 
2. Normative References 
3. Terms and definitions  
4. Information Needed for the Execution of the work 
5. Geotechnical Investigation 
6. Materials and Products 
7. Considerations related to Design 
8. Execution 
9. Supervision, Testing and Monitoring  
10. Records 

11. Special Requirements. 
The standard contains also two informative Annexes: 
- Annex A: Practical aspects of deep mixing 
- Annex B: Aspects of design. 
 
 

4 CONTENTS OF THE CODE 
 
4.1 Scope 
As an introduction to the document, chapter one, Scope, 
addresses the relevance and limitations of deep mixing. The 
code covers dry mixing and wet mixing methods executed 
by means of rotating mechanical mixing tools. Other meth-
ods, such as shallow mixing or hybrid methods (e.g. com-
bination of mixing and jet grouting or mixing by other than 
rotary tools), are not covered. Stabilized elements can have 
different shapes and configurations, but must have a mini-
mum depth of 3 m. 
 
4.2 Normative References 
In the second chapter, Normative References, other applica-
ble codes and standards are given. 
 
4.3 Terms and Definitions 
The third chapter lists in alphabetic order (English) deep 
mixing terms in English, French and German. The terms are 
defined, in order to clarify their relevance and to facilitate 
the understanding of the provisions pf the code. The degree 
of obligations of the provisions can have the following lev-
els: “Requirements” (the verb shall is used), “Recommen-
dations” (the verb should is used), “Permissions” and “Pos-
sibilities” (the verb can is used), and “Statements” (infor-
mative text).  
 
4.4 Information needed for the execution of the 
work 
This chapter discusses the most important provisions re-
quired for planning and implementing a deep mixing pro-
ject. All provisions given are requirements and divided into 
General Requirements and Particular Requirements. In-
formation, which must be provided before the execution of 
the work, is listed.  

The General Requirements comprise definitions of envi-
ronmental conditions, e.g. restrictions on noise, vibrations, 
pollution and conditions of structures, roads, services, etc. 
adjacent to the work. The Particular Requirements include 
documentation of previous experience and of possible un-
derground contamination and a definition of the instructions 
that have to be given for the work. 
 
4.5 Geotechnical Investigation 
Chapter 5, Geotechnical Investigation, addresses informa-
tion that is of importance for the execution of the work, e.g. 
identification and classification of the soil in compliance 
with EN ISO 14688-1-2, mapping of any kind of obstacles 
to be expected during deep mixing (e.g. tree roots, cobbles, 
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boulders, cemented layers, etc.) and information about the 
variations in piezometric level.  

It is also recommended that the environmental chemical 
and biological characteristics should be stated, e.g. ground-
water quality (contamination, aggressiveness, chemistry, 
etc.). 
 
4.6 Materials and products 
Chapter 6 deals with admixtures, water, filler and structural 
reinforcement. It is required that all material and products 
used comply with relevant European or national standards. 
They must conform also to national environmental regula-
tions and design specifications. Water must be suitable for 
the intended use. 
 
4.7 Considerations related to design 
The goal of the provisions in chapter 7 is to create deep-
mixed columns and structures having the maximum 
strength and minimum load-deformation characteristics 
possible under prevailing soil conditions at the site. In the 
design, loading conditions, climatic effects, hydraulic con-
ditions, acceptable limits of settlement have to be taken into 
account. Possible consequences of chemical and physical 
exposure of the columns have to be considered.  

The properties of the binder selected for the project 
must be investigated by laboratory and in-situ tests of the 
treated soil. If deep mixing is used to immobilise contami-
nants or to stabilise waste deposits, site-specific test pro-
grammes are required.  

Important details should be stated in the design, such as 
performance objectives, geometry of the treatment and 
specification of the deep mixing materials or products se-
lected. Moreover, a schedule of testing and monitoring pro-
cedures during execution as well as acceptance procedures 
for the materials used should be provided.  

Limiting values of geotechnical design parameters shall 
be stated and steps to be taken if these values are exceeded. 
General design aspects, however, are not addressed by the 
code, as they are covered by EN 1997. 
 
4.8 Execution 
Aspects of Execution are discussed in chapter 8. Before the 
execution of deep mixing, a method statement shall be de-
livered, which among other matters includes the objective 
and scope of the work, the deep mixing method and the 
binder to be used, the working procedure and the installa-
tion accuracy.  

The site of deep mixing has to be prepared in order to 
create suitable access for plant and equipment. A working 
platform has to be created with adequate bearing capacity 
for equipment, receipt, quality control and storage of mate-
rial.   

When experience of previous, comparable deep mixing 
project is not available, representative field trials must be 
performed in order to confirm that the design requirements 
can be fulfilled. 

The execution control of deep mixing includes penetra-
tion and retrieval speed of the mixing tool, rotation speed of 
the mixing units, air pressure in dry mixing and feed rate of 
binder/slurry.  

The equipment and the mixing tool shall be correctly 
positioned at each column location in accordance with the 
geometrical execution tolerances specified in the design. 
The quantity of binder along the column shall be measured 
during installation of each column. In dry mixing the air 
pressure shall be kept as low as possible to avoid problems 
of air entrainment and ground movement. In wet mixing the 
slurry shall be delivered by pumping in a continuous flow 
to the soil to be treated. In both cases the speed of the rotat-
ing unit(s) and the rate of penetration and retrieval of the 
mixing tool shall be adjusted to produce sufficiently homo-
geneous treated soil.  

In some cases, structural reinforcement may have to be 
installed into the fresh mixed-in-place columns or elements. 
 
4.9 Supervision, testing and monitoring 
Quality control aspects are addressed in chapter 9. The deep 
mixing work shall be supervised by experienced and quali-
fied personnel. Unforeseen conditions encountered during 
the work have to be reported in order that the problems can 
be taken care of.  

Testing of the strength characteristics, the deformation 
properties and the homogeneity of the columns is essential 
and shall be performed continuously during the work to 
check that the agreement with the design assumptions is 
acceptable. If overlap of adjacent columns is essential, the 
width of overlapping must be checked. In connection with 
immobilisation and containment, relevant chemical tests 
should be carried out.  

The execution shall be monitored, preferably automati-
cally, with regard to air tank pressure or, in wet mixing, 
slurry pressure, penetration and retrieval rate, rotation speed 
and quantity of binder (slurry) per meter of installation. 
 
4.10 Records 
Relevant information as to the construction execution of the 
columns, test results and observations during the work shall 
be available at the site. After completion of the work, de-
tails regarding the as-built columns, material and products 
used and relevant geotechnical soil conditions shall be left 
on record. 
 
4.11 Special requirements 
The special requirements deal with the safety of personnel 
operating close to heavy equipment and heavy tools. Envi-
ronmental restrictions and consequential environmental 
protection are other objects to be taken into account, includ-
ing noise, vibrations, pollution of air and water and impact 
on adjacent structures. 
 
4.12 Annex A - Practical aspects of Deep Mixing 
Annex A, which supplements the code, deals with practical 
aspects of deep mixing projects. It contains a historical re-
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view of the development of the deep mixing methods and a 
presentation of the fields of application. The generic classi-
fication of the equipment is shown in Figure 2. 

A variety of applications for deep mixing exists for 
temporary or permanent works either on land or marine, 
Figure 3. A detailed description is given of the various exe-
cution methods and equipments utilised as well as the pur-
pose behind the application of deep mixing and the princi-
ples of execution. Nordic and Japanese dry mixing tech-
niques are compared in detail as well as European and 
Japanese wet mixing techniques. Various possible execu-
tion patterns of installation applied are shown.  

Dry mixing is normally carried out in accordance with 
general principles, which are summarised in Figure 4. As 
can be seen in the flow chart, the binder is fed into the soil 
in dry form with the aid of compressed air. Two major tech-
niques for dry mixing exist at present: the Nordic and the 
Japanese techniques.  

Finally, construction problems, such as possible stability 
and settlement problems, chemical reactions and personnel 
safety are taken into consideration.  

Annex A contains also examples of so-called hybrid 
methods, not covered by the code, for example mass stabili-
sation (a method of surface mixing, used in Sweden and 
Finland), Jet grouting combined with mechanical mixing 
and the CDM-LOD IC method (both these methods used in 
Japan) and, finally the Cut-Mix-Injection (used in Ger-
many).  
 
4.13 Annex B - Aspects of Design 
Annex B deals with overall aspects related to functional and 
process design, choice of binder, laboratory and field test-
ing and influence on the design of column layout and per-
formance. 

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

The requirements for the serviceability and ultimate li-
mit states are to be specified by the client. The design shall 
be in accordance with the requirements put forward in ENV 
1997-1, Eurocode 7: Geotechnical design — Part 1: Gene-
ral rules.  

So-called iterative design, based on a follow-up of the 
results obtained by various testing methods, is an important 
part of the design. Here, the main focus is placed upon tho-
se factors that are important for the execution and the pur-
pose of deep mixing. The design is made for the most unfa-
vourable combinations of loads, which could occur during 
construction and service. 

The deep mixing process may involve a short-term dec-
reasing resistance to failure in consequence of induced ex-
cess pore water pressure and soil displacements. The mix-
ed-in-place columns should be arranged in a way to avoid 
that possible planes of weakness in some columns installed 
could have a negative influence on the stability. In the sta-
bility analysis it is important to take into account the diffe-
rences in stress vs. strain relationship between treated and 
untreated soil. For excavation support, the most important 
parameters are the compressive strength of the treated soil 
and arching. Figure 5 indicates the iterative process combi-
ning functional design and process design. 

A presentation is made of the execution process and of 
the choice of binder in dry and wet mixing of various kinds 
of soil. Testing on a laboratory scale of laboratory mixed 
samples is carried out before the execution of deep mixing 
in order to find out which binder to be used to achieve the 
strength and deformation characteristics required for the 
intended structure.  

During execution, both laboratory and field testing 
methods are used to investigate if the homogeneity and 
strength characteristics of the columns are satisfactory. The 
deformation properties of the columns are investigated on a 
laboratory scale. 

Finally, an overall presentation of the problems in-
volved in the design with regard to how the settlement 
process is affected by deep mixing on one hand and how 
stability problems can be treated on the other. Problems like 
column separation; structural wall and block type applica-
tions are discussed. 
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Figure 2. General classification of equipment used by the deep mixing methods included 
in the Code and by hybrid mixing methods not included. 
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On-land operations
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Marine operations

Permanent

 
Figure 3. Applications of deep mixing for various purposes. 
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etc.
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Quality Control Plan
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conformance procedures,
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monitoring, etc.
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Figure 4. Principles of execution of deep mixing. 
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Data base on experienced
strength correlations

between laboratory and
field
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conditions
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Final mix design.
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Figure 5. Iterative design process, including laboratory testing, 
functional design, field trials and process design. 

 

10 Deep Mixing´05



Twenty-seven Years of Soil Mixing in Germany:
The Bauer Mixed-in-Place-Technique

Stocker, M.
Bauer Spezialtiefbau GmbH, Wittelsbacherstraße 5, D-86529 Schrobenhausen, Germany
Manfred.Stocker@bauer.de

Seidel, A.
Bauer Spezialtiefbau GmbH, Wittelsbacherstraße 5, D-86529 Schrobenhausen, Germany
Andre.Seidel@bauer.de

ABSTRACT: The mixed-in-place method (MIP), developed and improved in Germany over the past 30 years, today mostly
consists of three augers in a row with diameters of up to 550 mm and depths down to 25 m. The system is used for cut-off-
walls for flood protection and contaminated ground and even for replacing pile walls under certain conditions.

1 INTRODUCTION AND DEVELOPMENT
The Bauer mixed-in-place-technique has been developed,
improved and used in Germany since 1977. The original
idea was to install concrete walls with small diameters for
the soil nailing technique in order to avoid the shotcrete
works for the vertical wall panels. The first construction
consisted of four parallel augers with diameters of
approximately 0,2 m. Every second auger element was
reinforced with a steel bar. The whole equipment was
driven by two gears and two motors (Fig. 1). The wall
depths were limited to 4 m.

Fig. 1: The first of approach to Mixed-in-Place, 1977

In a next step the auger length was increased up to 9 m
and the number of augers up to eight (Fig. 2). The
technique worked, at least in sandy soil, but the stiffness of

the whole arrangement was too weak. There was no
guarantee that the individual panels would overlap and stay
in line.

Fig. 2: Another step forward, 1978

The development has continued. Today mainly a set of
three parallel augers with diameters ranging from 400 to
750 mm is used (Fig 3). Such continuous flight auger
concrete walls are mainly applied to watertight cut-off
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walls, reinforced excavation walls and sometimes to
reinforced foundation elements. The drilling depth is
limited to approximately 25 m.

Fig. 3: Mixed-in-Place Wall for a flood control dam

The technique is well advanced. It is economic, it has
got a high production rate and the quality is reliable.

2 THE PRODUCTION OF MIXED-IN-PLACE
ELEMENTS OR WALLS

Today mainly hydraulic drilling rigs with long masts and a
strong torque are chosen (Fig. 4). Bauer mostly uses
machines with three continuous flight augers in line, which
may turn clock- or anti-clockwise individually.

Fig. 4: The MIP-Principle

The technical data of the most important machines are
shown in Fig. 5. The rigs look very heavy but the great
drilling depths and the weight of the augers require such
dimensions.

The usual production sequence for a mixed-in-place
wall, shown in Fig. 6, assures the required quality.

Fig. 5: Drilling Rigs for Mixed-in-Place Techniques

Fig. 6: General Production Sequence

Normally a complete mixing plant is installed on the
site. The mixing plant runs automatically without a
permanent man on the site (Fig. 7).

Fig. 7: Mixing Plant

The slurry may be pumped over a distance of up to
1000 m. The plant consists of cement- and bentonite silos, a
mixer, a storage tank and a heavy pump.

The crew on a small site mainly consists of three
persons: a foreman, a machinist and a helper (Fig. 8).
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Fig. 8: Deep Mixing Rig, Height 35 m

3 QUALITY CONTROL
The water tightness of a mixed-in-place wall mostly
depends on the quality of the site crew. In addition an
extensive supervising programme has been developed. Each
step is automatically controlled: the cutting- and
withdrawing speed, the amount of slurry use per running
meter during drilling up and down, the mixing process and
the installation time for each element.

According to our experience this control is absolutely
necessary (Fig. 9), because it is very difficult and costly to
find a fault after the wall has been finished. The machine
driver can watch all the data on his screen (Fig. 10).

Fig. 9: Quality Assurance

Fig. 10 Instrument Panel

A special instrument based on inclinometers, may, for
instance, show the position and overlapping of each
"element" of the wall (Fig. 11).

Fig. 11: Quality Assurance

4 CONCLUSION
The mixed-in-place method has reached a fairly high
technical standard. Therefore this technique is used more
and more not only for water tightness but also for
foundation elements. A careful quality control is absolutely
essential.
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Recent technical trends in Dry Mixing (DJM) in Japan 
 
 
Yasui, S. & Yokozawa, K. 
Japan Construction Method and Machinery Research Institute, 3154 Fuji City, Shizuoka-ken, Japan 
yasui@cmi.or.jp, yokozawa@cmi.or.jp 
 
Yasuoka, N. 
Dry Jet Mixing Method Association, 1-2-8 Shinkawa, Chuo-ku, Tokyo, Japan 
jimkyok@djm.gr.jp 
 
Kondo, H. 
KOBELCO Construction Machinery Co., Ltd., 2-17-1 Higashi-gotanda, Shinagawa-ku, Tokyo, Japan 
kondohi@kobelco-kenki.co.jp 
 
 
ABSTRACT: Dry Jet Mixing (hereafter DJM) method was developed in Japan in early 1980s and is the type of deep 
mixing method that uses dry binders such as cement and quicklime. This paper describes the characteristics of DJM, recent 
construction machine, construction system, and quality control. Moreover, while introducing typical construction examples, 
recent technical efforts, such as enlarged-diameter rotating blade and high strength - low improvement ratio deep mixing, 
are presented. 
 
 
1  INTRODUCTION 
Japan is an island country surrounded by sea. About 
70-80% of its land area is mountainous or hilly, and plain 
regions exist only along large river valleys and near 
seashores. 

Large urban centers have developed on these limited 
plain areas, starting with the capital Tokyo. These areas 
consist of soft ground, especially those in valleys adjacent 
to rivers and seashores. In order to extend such plain 
regions, which have been constricted for many years, and 
to develop arable lands, reclamation works were carried 
out resulting in the presence of humus and organic soils in 
various places in the country. 

Although important structures should be built on 
original stable ground, maintenance of city functions 
accompanying economic progress and expansion of 
large-scale construction works require developments on 
soft ground. These include ground improvement covering 
the use of deep foundation rather than shallow foundation. 

Among the techniques of construction which mix 
stabilizing binders with soft ground and perform soil 
treatment process, the method of construction involving 
stabilization of surfaces of railroad beds and railway 
foundations has been performed for many years. 

With regards to deep mixing methods, deep lime 
mixing method (or DLM method) was developed in 1960s 
by the Port and Harbor Research Institute, Ministry of 
Transport (currently, Port and Airport Research Institute). 
However, because of problems related to stable supply of 
mixing materials, cement-based mixing material is made 
into slurry-form and injected into the soft ground to harden 
it. This resulted in shift to cement deep mixing (CDM) 
method, resulting in numerous construction projects 
everywhere.  

On the other hand, DJM (Dry Jet Mixing) method was 

developed in fiscal year 1977-1979 mainly by the Public 
Works Research Institute, Ministry of Construction 
(currently an independent administrative agency) and Japan 
Construction Method and Machinery Research Institute, 
Japan Construction Mechanization Association as part of 
the integrated technical development project known as 
"Development of New Soil Stabilization Techniques”. 
Afterwards, the Dry Jet Mixing Method Association 
established the construction method as part of efforts to 
promote its utilization. 

Starting with the construction of roads or riverbanks, 
DJM method has been utilized widely to include housing 
land developments. As of fiscal year 2003, there were 
about 4,150 construction projects where the method has 
been applied, with the total volume of ground improved 
exceeding 26 million m3. According to such abundant 
construction, DJM method has become one of the most 
popular ground improvement methods in Japan. 
 
 
2  OUTLINE OF DJM METHOD 
 
2.1 Principle of construction 
In DJM method, a powdery or granular binder is injected 
into the soft ground without processing into slurry form, 
and is mixed with the original soil. Chemical reactions take 
place between the stabilizing agent and the highly moist 
soil, resulting in improvement of stability and strength of 
the soil. The operating principle of the method is shown in 
Fig. 1(a). 

Powdery binder is fed into flowing compressed air via 
a hose and the hollow portion of the mixing shaft, and 
binder is injected into the ground through the injection 
outlet of the mixing shaft. The basic structure of mixing 
blade is shown in Fig. 1(b). Due to the rotation of the blade, 
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cavity is formed in the soil and the binder and air fill this 
cavity. With the rotation of the blade, the binder is injected 
all over the entire area traced by the mixing blades and, 
simultaneously, it mixes with the original soil. This results 
in the formation of hardened column within the ground.  

Because flow velocity falls simultaneously with the 
injection to the cavity at the back of the rotating blade, the 
compressed air used for transporting the binder separates 
from the binder. It is then transmitted and goes up the 
surroundings of the mixing shaft and is released at the 
ground surface. 
 
2.2 Features of the method 
Since powdery or granular material is used as binder, the 
DJM method has the following features. 
(1) Depending on the characteristics of the ground, any 

material, such as cement, quicklime, slaked lime, blast 
furnace slag, fly ash, dry sand or rubble dust, can be 
used as binder as long as it is in dry state and with 
maximum diameter less than 5 mm. 

(2) Depending on soil quality and required strength, the 
mixing proportion of binder can be chosen freely. 
Therefore, it is possible to improve humic soils and 
organic soils by increasing the mixing amount. 

(3) Since the material injected into the soil is basically 
only powdery fluid which does not contain excessive 
water, the absolute quantity of water is small. Thus, 
surface heave and effects on the surrounding ground 
are comparatively small. 

(4) Water is not used and, therefore, the construction site 
can be kept clean. Furthermore, dust is not generated 
since a closed system is adopted, from transport up to 
injection process.  

(5) Noise and vibration levels are small because there is 
almost no shock or large vibration generated by the 
construction machine.  
Fig. 2 shows the distribution of projects performed up 

to the present using DJM method considering the type of 
binder, target ground to be improved, design strength, 
improvement ratio, and purpose of improvement. 

It can be seen from this figure that although cement is 
the main type of binder used, quicklime is also arbitrarily 
employed. Moreover, it can be applied to various types of 

Fig. 2  Data from various construction projects 

Fig. 1  (a) Construction principle; (b) Structure of 
mixing blade 
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ground, including humic soils. Because it is possible to 
optionally increase the amount of binders, wide range of 
design strengths can be obtained, from low-strength to 
high-strength. Furthermore, the method has been applied 
extensively to cases with low improvement ratios, such as 
under 10% and even to very high improvement ratios, such 
as in overlapping mixing. 

Because the design involving DJM method is highly 
flexible, the scope of its application is diversified. Thus, it 
can be applied not only to stabilize embankments against 
settlements, but also for wide-ranging purposes, such as 
slide prevention during cut slope operation, foundation of 
structure and liquefaction mitigation. 
 
2.3 Construction machine 
As shown in Fig. 3, construction equipment used in 
implementing DJM method can roughly be divided into 
two parts, i.e., mixing machine and batching plant for 
binders. 

Mixing machine supplies and mixes the binders into 
the ground. Depending on the number of shafts, a single 

shaft or double shaft machine is available. A single shaft 
machine is skid-type with simple crawling equipment, 
while the double shaft machine is carried in a crawler-type 
base machine. Although there are differences in the 
mechanism of mixing machine depending on the model, all 
machines can work on soft ground. Mixing machine must 
have sufficient body stability and trafficability, especially 
when raising the mixing shaft and moving on unimproved 
ground. For this reason, a special-purpose equipment that 
includes the base machine has been developed. Typical 
models of the single shaft machine and double shaft 
machine are shown in Fig. 4. It is worthy to note that 
mixing tool diameter of 1000 mm and double shaft 
simultaneous operation (distance between shafts: 800, 
1,000, 1,200, 1,500 mm) are adopted as standards of DJM 
method. Maximum penetration depth up to 33 m is 
possible. 

Batching plant is the facility which provides safe and 
continuous supply of powder-like binders and consists of 
various components, such as binder feeder, control house, 
binder silo, etc. Binder feeder is an important part of DJM 
method since it is the equipment which places the binder 
into the flow of compressed air. The mechanism of the 
feeder is shown in Fig. 5. Binders fall on pockets located 
along the circumference of the feed wheel, and as the feed 
wheel rotates, the binders are positioned along the nozzle 
where compressed air is flowing. 

 

Fig. 3  Equipment for construction machine 

Fig. 5  Mechanism of binder feeder 
Fig. 4  Mixing machine (double shaft machine, 
single shaft machine) 
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2.4 Construction system 
 
2.4.1 Construction procedure 
The fundamental construction procedure of DJM method is 
shown in Fig. 6. After positioning the mixing machine at 
pre-determined location and confirming that the mixing 
shaft is set vertically, the shaft is rotated. While allowing 
only compressed air to be released from the nozzle located 
at the edge of the shaft, penetration is carried out up to the 
target treatment depth. When mixing blades reach the 
target depth, binders are injected into the ground while 
retrieving the shaft. Note that when penetrating grounds 
with high sensitivity ratio such that considerable decrease 
in strength may occur as a result of the rotation, it may be 
necessary to inject all or some parts of the binders into the 
ground during penetration stage since the ground may 
become liquefiable otherwise. 
 
2.4.2 Construction management 
Similar to other deep mixing methods, checking the 
completion of operation directly by naked eye is generally 
not possible in DJM method. Therefore, construction 
management is performed using many control devices. As 
shown in Fig. 7, a variety of monitoring instruments 
installed in the mixing machine and binder feeder monitor 
various data, such as air pressure, flow quantity, number of 
rotations of mixing blade, electric current, 
penetration/retrieval speed, and injected quantity of binders. 
These data are transmitted to control house, and using 
these data, various operations such as “management of 
column position”, “management of mixing proportion”, 
“management of end-bearing stratum”, “management of 
injected binder quantity”, and “management of binder 
supply" are carried out, together with automatic recording. 

“Management of injected binder quantity” is 
performed by controlling the injected quantity of binders 
transported from the feeder, as well as the retrieval speed 
of mixing blades.  

Moreover, in order to guarantee the quality of column, 
“blade cutting frequency”, which indicates the number of 
rotations of mixing blade per meter as it moves into the 
treated ground, is employed as index of “management of 
mixing proportion”. Depending on machine type, blade 

rotation number in DJM method is set at either 274 per 
meter or 284 per meter, and the rotation speed of mixing 
blades and penetration/retrieval speed are adjusted. 

When the stabilized column is end-bearing type, 
“management of end-bearing stratum” is performed in 
order for the column formed to be supported by bearing 
stratum. Generally, although end-bearing stratum is 
determined based on previous data and preliminary 
investigation and is confirmed from test results, it is 
important to verify the presence of this layer in undulated 
locations during construction. 

Thus, in construction management during 
implementation of DJM method, the relation between the 
penetration speed and electric current in mixing machine 
and the SPT N-value of the end-bearing stratum which will 
serve as support is arranged and analyzed and an index for 
end-bearing control is defined. However, when stones are 
mixed in the end-bearing stratum or when there is hard 
clay layer, there is a tendency for the electric current to be 
higher than normal. In this case, sufficient examination is 
performed at every site based on results of preliminary 
investigations and test construction results, and judgment 
criteria for special end-bearing stratum are established. 
 
2.4.3 Quality control 
For the purpose of ensuring that the quality of materials for 
soil improvement satisfies the design, confirmation or 
check borings are performed as post-improvement 
operation in DJM method. 

With check boring, continuous core samples of 
column are obtained, column continuity is verified and 
strength is confirmed by performing unconfined 
compression tests. Since coring in columns with wide 
range of strength is difficult, careful coring using double 
core pack tube sampler is usually performed. In many 
cases, good quality core samples with relatively large 
diameters, such as 85 mm and 116 mm, can be obtained. 

The number of check borings varies depending on 
type of structure and scale of construction. In present 
practice, more than two borings per project is generally 
adopted. However, when the number of columns is 
numerous, one check boring per 500 columns or one 
boring every 2,500 m3 of treated ground is employed. 

Fig. 6  DJM method construction procedure 
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Fig. 7  Flowchart of construction management  
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3 EXAMPLES OF TYPICAL CONSTRUCTION 
PROJECTS 

  
More than 20 years have passed since the development of 
DJM method and it has been implemented in many 
construction projects. Some of the typical, as well as 
worthwhile, projects which have been performed to date 
are introduced below. 
 
3.1 The Tokyo International Airport Offshore 

Development Project 
Tokyo International Airport is the gateway to Tokyo, and is 
the center of Japan’s domestic airport network. Before the 
offshore development, an airport area of 480 ha was 
available for take-off and landing, and two runways were 
used to service the airplanes, resulting in take-off and 
landing capacity of 160,000 times per year. However, with 
the increase in number of users, the limit of the airport was 
reached. 

Thus, from 1984, an offshore development plan was 
implemented in three stages to increase the total area of the 
airport to 1,100 ha, and the number of runways to three. 
This increased the yearly capacity by as much as 50%, to 
almost 230,000 times per year. As part of the offshore 
development project, DJM method was extensively 
adopted as basic improvement technique for the 
foundations of newly constructed highways between the 
new two runways. 

In this construction, DJM method was applied to 
improve grounds as foundations of tunnel sections below 
runways, as foundations for wide U-shape half-buried 
structures and as foundations of retaining walls. In addition, 
because the excavated ground is too weak and to guarantee 
trafficability to a level which can withstand excavation 
transport, modified specifications for each construction 
purpose were carried out, as shown in Fig. 8. 

The best feature of this project is that the treatment 
depths nearly reached the limit of present-day practice of 
DJM method, and the amount of construction was 

unprecedented. The total amount of improved ground for 
this project, which covered two years from October 1987 
to December 1989, reached 1.8 million m3. During the 
busiest period, 24 units of double-shaft DJM construction 
machine, about half of the total number available in Japan, 
were used for construction. The view of construction works 
is shown in Fig. 9.  
 
3.2 Restoration works after the Great Hanshin 

Earthquake 
The Great Hanshin Earthquake, which occurred before 
dawn on January 17, 1995, caused extensive damage to 
structures. Among these, the embankment on the left bank 
near the mouth of Yodogawa River, which flows into the 
city of Osaka, collapsed as a result of liquefaction of the 
foundation ground. 

In subsequent restoration works, the riverbank was 
rebuilt based on a standard higher than that of the one that 
collapsed. In order to mitigate liquefaction of foundation 
ground, DJM method was implemented. 

The ground improvement operation involved about 
610,000 m3 of stabilized ground, and it took only two 
months, from August to October 1995, to be implemented. 

Fig. 8  Standard improved section and construction purpose 

Fig. 9  Construction site on Tokyo International 
Airport 
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Because of this, a short-term centralized operation was 
necessary and, at the busiest time, 33 units of double-shaft 
DJM machine were used. Hence, large-scale construction 
machines were packed together in constricted work space. 
The view of this construction work is shown in Fig. 10.  

In this construction, operation was performed using 
lattice-shaped column arrangement, as shown in Fig. 11, 
and restraining of loose sand layer that can produce 
liquefaction was implemented. Moreover, since dry binders 
are injected and mixed with ground in the DJM method, 
the post-operation water content is low, and strength 
appears. Usually, columns-in-contact type mixing can be 
implemented in lattice-shaped arrangement. In this 
construction, however, since execution of overlapping 

mixing inside the unit was specified, a methodology such 
that subsequent placement without injecting binders was 
devised, with the mixing blade penetrating to execute what 
is called “mixing without binders”.  
 
3.3 Implementation in winter cold region 
Japan is an elongated country along the north-south 
direction. Thus, it spans regions where air temperature is 
warm enough during winter such that it does not affect 
construction to regions where temperature can drop to 
freezing point and where snow lies abundantly.  

In cold regions where snow falls during winter, winter 
construction was not implemented in the past; rather, 
construction was performed after snow had thawed. 
However, cases wherein the construction period is 
scheduled regardless of the season has been coming out 
recently.  

Since DJM method does not use water and employs 
only powdery materials as binders, fundamentally there is 
no problem in implementation even in environment under 
freezing point condition. The countermeasures listed below 
are applied so that operation becomes possible. 
・ Insulation of binder feeder which turns at high speed 
・ Maintain good condition of the mixing machine 

electric motor  
The construction situation in winter cold district is 

shown in Fig. 12. Furthermore, in regions closed by snow 
during winter, construction is fundamentally performed 
during the time when it gets warm. However, there are 
about 1-3 cases yearly when construction during winter is 
carried out. 
 
 
4. RECENT TECHNICAL TOPICS 
 
4.1 Enlarged-diameter DJM Method 
Using the standard operating machine as reference, the 
diameter of the rotating blade in the enlarged-diameter 
DJM method (EX-DJM) is increased to 1200 mm or 1300 
mm from the standard value of 1000 mm. Therefore, it is 
possible to make large-diameter columns. 

Fig. 11  Arrangement of columns at Yodogawa 
river embankment 

Fig. 10  Construction site on Yodogawa River 
embankment 

Fig. 12  Construction site in winter cold region 
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Considering the enlargement of the column diameter, 
the improvement area per column is increased by as much 
as 1.7 times maximum. Hence, if the improvement ratio is 
kept constant, it is possible to decrease the number of 
columns, and therefore, it is possible to shorten the 
construction time and to reduce the cost. 

However, in case the rotating blade is enlarged, it is 
necessary to iron out problems associated with the increase 
in rotation load, guarantee of construction quality, and 
decrease in construction speed. Investigations were started 
in 1998 for this purpose. Test experiments were done 
repeatedly, and penetration resistance of sandy and clayey 
ground, as well as operability (including penetration and 
retrieval speed) and post-improvement column quality, 
were examined over and over again. Modifications on 
mixing blades and binder feeders were performed. These 
efforts finally resulted in the development of EX-DJM 
machine in 2003.  

An EX-DJM machine is shown in Fig. 13, and the 
situation wherein the column head is dug-up and examined 
during test operation is shown in Fig. 14. After 

development, two projects were completed; one involving 
ground improvement of a river bank based on high 
standards and another related to ground improvement in a 
housing land development. In these projects, further 
modifications of the machine were added. 
 
4.2 High strength - low improvement ratio DJM 

machine 
In response to design and construction methods using high 
strength - low improvement ratio DJM machine (HL-DJM), 
modifications were made on the conventional double-shaft 
machine.   

Column strength using conventional deep mixing 
method is about 200-600 kN/m2, with improvement ratio of 
30-80%. In comparison, high strength - low improvement 
ratio deep mixing method can produce high-strength 
columns with strength as much as 1,000-1,500 kN/m2 and 
improvement ratio less than 15%. Comparing with 
conventional method, since column strength is rather high, 
the cost per column increases with increase in the amount 
of binders added. However, because of low improvement 
ratio, it is possible to reduce the cost per area of improved 
ground by about 15 to 20%. 

Compared with conventional double-shaft machine 
where the distance between mixing shafts is about 0.8-1.5 
m, one salient feature of HL-DJM method is that distance 
between shafts can be increased to as much as 3.0 m, 
thereby expanding the scope of its application. Moreover, 
the amount of binders in high-strength improvement may 
exceed 200-300 kg/m3. To accommodate this high feed 
quantity, large-scale binder feeder was developed.  

The situation in the vicinity of the mixing shaft of 
HL-DJM machine is shown in Fig. 15, while the column 
condition is illustrated in Fig. 16.  
 
4.3 Compactness of construction machine 
Fundamentally, the construction machine used to 
implement DJM method has advanced towards 
enlargement, together with the expansion of construction 
scale. On the other hand, due to the changes in social 
environment in recent years, there is tendency for the 
construction scale per project to reduce. This demands 
examination and development of new construction 

Fig. 13  An EX-DJM machine 

Fig. 14  Top section of columns by EX-DJM (2 
columns at the bottom right have 1000 mm 
diameter, all the rest have 1300 mm) 

Fig. 15  A HL-DJM machine 
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machine to be used. Thus, miniaturization of construction 
machine was considered from 1999 while design and 
manufacture were carried out in 2001. 

To face the prospects of miniaturization, analysis was 
made on construction projects that have been performed up 
to the present. A machine that could satisfy the following 
concepts must be reflected in the design. 
・ A set of equipment including the mixing machine and 

the binder batching plant can be transported, 
assembled and disassembled more easily as compared 
to the current machine. 

・ Rotating torque is guaranteed with the current 
large-sized construction machine. 

・ Penetration capability up to a treatment depth of 16 m, 
covering about 70% of all construction projects. 

・ Compatible with the enlargement of rotating blades. 
Considering the above-mentioned concepts, the 

construction machine developed is shown in Fig. 17. 
Although two years have passed since its production and 
implementation to six projects, the machine’s operability is 
still being examined. 
 
 
5  CONCLUSION 
With the collaboration between government and private 
sector as basis, technical development of DJM method was 
implemented. Afterwards, together with examination on 
the utilization as conducted by the DJM Method 
Association, the method has become one of the deep 
mixing methods representing Japan. 

Moreover, although the method has been established 
and actual construction projects have expanded, new 
technical developments have come up and efforts are 
continuing even now to improve the technology. In 
addition, although technical developments about the 
construction machine have been introduced in this paper, 
other aspects such as development of new construction 
domain related to its application to soil pollution 
purification, and experimental and analytical attempts for 
the purpose of establishing design techniques, are also 
being tackled. 

In the future, DJM method must not become obsolete; 
rather, developments must be continued such that it 

becomes a method that can expand to other territories and 
possess high reliability based on theoretical background. 
 
 
REFERENCES  
DJM Method Association (2004). DJM Method Technical 

Manual (in Japanese). 
Higaki, K. and Takeda, K. (2005). Remediation of ground 

contaminated by VOCs based on dry mixing technique 
(DJM) in Japan, Deep Mixing ’05 (this proceedings).  

Miura et al. (1996). Implementation of DJM method to 
Torishima Embankment shore protection restoration 
project, Construction Mechanization, No. 4, 25-29 (in 
Japanese). 

Nozu, M., Ohya, T. and Yasui, S. (2005): Effect of Dry 
Mixing (DJM) wall on reducing nearby settlements due 
to relatively low embankment loading, Deep Mixing ’05 
(this proceedings). 

 

Fig. 16  Top section of column by HL-DJM 
 Fig. 17  A compact DJM machine (2070H) 
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ABSTRACT: In this research project the possibility to stabilise sulphide soil is investigated. The project constitutes of three 
parts; inventory-, laboratory- and a field part. Sulphide soils from a site in Stöcke (close to Umeå in Sweden) a place along 
the future railroad Botniabanan has been used. Results from the laboratory part shows that it is possible to stabilise sulphide 
soil. The aim with future field tests is to prove if it is possible also to stabilise sulphide soil in the field, with proper binders, 
amount of binder and mixing energy.   
 
 
 
1 INTRODUCTION 
 
1.1 Background 
The research project about stabilisation of sulphide soil in 
laboratory and field started in the beginning of June 2003. 
Organisations that take part in this research project are 
Ramböll, Luleå University of Technology, Swedish 
Geotechnical Institute and Hercules Grundläggning.  
 There are two aims with the project. One is to show if 
stabilisation in sulphide soil is a suitable method regarding 
technical, economical and environmental aspects. 
Hopefully a mixture of binders with satisfying stabilisation 
effect can be detected. The second aim is to give 
recommendations of how to use the stabilisation method in 
road- and railroad projects when the underground contains 
sulphide soil. In the project sulphide soil from a site in 
Stöcke has been used. Stöcke is located south of the city of 
Umeå in the northern Sweden, along the future railroad 
Botniabanan.  
 The research project constitutes of three parts; 
inventory-, laboratory- and a field part. The laboratory and 
inventory work conducted has been a part of a master thesis 
work, Andersson & Norrman (2004). If not otherwise stated 
in the paper the results are from Andersson & Norrman 
(2004). 
 
1.2 Sulphide soil 
In Sweden sulphide soil is found mainly in a wide course 
along the coastal regions of Northern Sweden, i.e. in the 
areas of northern Sweden where the main part of industries, 
cities and infrastructures are situated.  

 The sulphide soil along the Northern Swedish coast 
has been formed as sediments at river mouth and outside 
the coast in the special environment at the time for 
sedimentation, Mácsik (1994). The environment was 
typically deficient in oxygen, and the water was 
brackish/sweet in which the sulphide soil was sedimented. 
The environment prevented a complete decomposition of 
the organic material. Also today new sulphide soil 
sediments are being formed.  
 Sulphide soil normally consists of fine-grained soil, 
i.e. is a silty clay or clayey silt, in some cases with smaller 
amounts of sand. Sulphide soil normally contains high 
content of iron (iron typically 35 g/kg dry soil) and sulphur 
and its content of organic material is up to about 10 weight-
%. The most common description based on grain size 
distribution is silty sulphide clay or clayey sulphide silt. 
The soil is normally coloured black or varved with black 
bands, and may be found in depths up to 20 m. 
 Since a sulphide soil normally shows low strength and 
high compressibility it must often be improved when using 
the ground for foundation engineering purposes. Excavation 
and replacing a sulphide soil with high content of iron and 
sulphur is normally not recommended for e.g. 
environmental and economical reasons. After excavation of 
the soil it may come in contact with oxygen and oxidise. 
Aerobic (oxygen rich) conditions lead to acidic conditions 
of pore and surface water, which might be harmful to the 
environment, Mácsik (1999). Another negative effect is that 
the content of iron is increased in pore water when the soil 
oxidises. Stabilisation is one way to solve these problems, 
but today the experiences from stabilisation in sulphide soil 
are limited.    
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2 INVENTORY STUDY 
Results from previously performed projects regarding sta-
bilisation of sulphide soils has been summarised and evalu-
ated. This inventory study has been the basis of the labora-
tory study carried out. The purpose was to investigate dif-
ferent aspects that could bee of significance to stabilisation 
results. About ten different projects had been investigated 
in the inventory study. The locations of these projects are 
presented in Figure 1. In the studied projects there are not 
any large differences between the geotechnical properties 
depending on the localisation in Sweden. The chemical 
properties has only been investigated in a few projects, 
therefor it’s not possible to evaluate if there for this matter 
are any differences depending on the localisation.  
 

Figure 1. Location of the field test sites (Umeå) and 
the investigated projects in the inventory study.   
 
 Experience from these projects often show 
unsatisfying stabilisation effect for traditional mixtures of 
binders, such as lime/cement. New combinations with merit 
(slag), gypsum and fly ash among others, mixed with 
cement or lime/cement, often give a better strength when 
sulphide soils are stabilised. One important experience from 
the inventory study is that a much higher quantity of binder 
is needed in sulphide soils compared with “ordinary” clays. 
Results from laboratory tests generally give a better 
strength after stabilisation compared with field tests.  
 One example from the inventory study; a full-scale and 
a laboratory study in Norrala, see Figure 1. The soil con-
sists of sulphide clay between depth 3-10 m, bulk density 
(1,33-1,78 t/m3), undrained shear strength (5-17 kPa), 
watercontent (60-126 %). Stabilisation was performed with 
binder KC 50/50 (mixture of lime/cement) and amount 
100kg/m3, same binder in laboratory and field tests. The 
compression strength was in this case determined after 
about one month, with unconfined compression tests for 
both laboratory and field tests. In laboratory the compres-
sion strength varies between 27-146 kPa, in field the corre-
sponding values was 4-70 kPa.   
 
 

 The difference between laboratory and field tests is 
likely to depend on the mixture energy used. A comparison 
of the results is further complicated by the fact that differ-
ent test methods mostly have been used in field (column 
sounding) and laboratory (unconfined compression tests). 
More details about the inventory study can be found in 
Andersson & Norrman (2004).  
 
3 LABORATORY TESTS 
Soil samples have been taken from a field site south of the 
city of Umeå, see Figure 1. Four different types of sulphide 
soils have been found in the soil profile. The natural soil 
was investigated concerning geotechnical and chemical 
properties. For the stabilised soil the compression strength 
was investigated. Only selected results are presented in this 
paper. More information about the laboratory part is 
reported in the paper “Laboratory Tests of Stabilised Sul-
phide Soil from Northern Sweden” in these proceedings. 
 
3.1 Geotechnical properties 
Geotechnical properties of the natural soil between the 
depths 2,5 and 5m in the investigated profile are presented 
in Table 1. Other investigated properties which are not 
presented in this paper are e.g., true density (ρs), disturbed 
undrained shear strength (τr), plastic limit (wp) and grain 
size distribution obtained from sedimentation analysis. 
 
Table 1. Geotechnical properties of the soil in the 
profile investigated. 

 
3.2 Chemical properties 
Chemical properties of the natural soil between the 2 m and 
5 m in the investigated profile are presented in Table 2. 
Leaching tests were performed according to a method 
described by Mácsik (2000). Values in Table 2 derives 
from, aerobic samples which were leached under aerobic 
conditions in distilled water (solid ratio L/S = 5). Measure-
ments were performed after leaching during 96 hours. Sam-
ples from 3,5 m and 3,6-3,68 m became anaerobic during 
leaching.   
 The contents (of dry solid, DS) of iron, Fe and sulphur, 
S of the natural soil is presented in Table 2. 

Uppsala 

Askersund 

Sunderbyn/Luleå 

Örnsköldsvik 

Bettna 

Norrala 

Arboga 

Umeå 

Depth Soil1 Bulk Water Liquid Ignition Undrained Sensi-
density content limit loss shear tivity

strength2

[m] [ton/m3] [%] [%] [%] [kPa] -
2.5 siSuCl 1.54-1.56 62-98 45 6.1-6.7 20-22 29
3 siSuCl 1.36-1.57 53-121 71-96 6.2-7.1 20-22 14-28

3.5 siSuCl 1.29-1.36 117-242 68-89 8.6-15.3 18-26 12-14
4 siSuCl 1.57-1.67 50-70 75-137 3.7-3.9 12-20 14-15

4.5 Si 1.74-1.95 27-66 40-60 1.7-3.5 11-36 19-20
5 si(Su)Cl 1.76-1.86 23-68 33-50 0.8-3.3 10-27 13-56

1.According to  Mácsik (2003)
2. Determined with fall-cone test (corrected for liquid limit)

26 Deep Mixing´05



Table 2. Chemical properties of the soil in the profile 
investigated.  

 
3.3 Stabilisation 
Eleven mixtures, of lime (K), cement (C), Merit (M), 
gypsum (G) and fly ash (A), have been used in this project. 
The addition of binders varied from 100 to 250 kg binder 
per cubic meter of soil (kg/m3) for the laboratory study, and 
is planned to be 150 to 250 kg/m3 for the field tests. The 
different mixtures used in this project are presented in 
Table 3. Merit is a residual product (slag) from the steel 
industry, the product name is Merit 5000. The ash is also a 
residual product, it is fly ash from the paper industry.  
 
Table 3. Mixtures of binders used in the research 
project.  

 
4 CLASSIFICATION 
A proposal to a method for classification of sulphide soil 
has earlier been made for the railroad project 
“Botniabanan” in the north part of sweden, Mácsik (2000). 
In the project presented in this paper the classification 
method has been tested on soil samples from the actual site, 
Stöcke. This sulphide soil is representing four of the five 
different categories in the system, see Table 5. Sulphide 
soils from the soil profile has been classified by Mácsik 
(2003). Geotechnical and chemical properties of the natural 
sulphide soil have been determined before this classifica-
tion. This method is developed to determine the sulphide 
soils acidification potential, but in this case it is used to 
relate the difficulty to stabilise a special “type” of sulphide 
soil. The results indicate that “Type 1” sulphide soil is the 
most difficult to stabilise, see Table 4. 
 
Table 4. Classification of different types of sulphide 
soil according to acidification potential, Mácsik (2000). 

Table 5. Classification of the sulphide soil in the  
investigated profile. 

Figure 2 shows four properties, loss on ignition, pH, spe-
cific conductivity and redox potential (Eh). It is one way to 
illustrate different parameters effect on the stabilisation of 
the sulphide soil. The diagram is based on results from 
laboratory test performed in this project. Soil samples were 
stabilised with different binders. The dashed line shows soil 
samples from depth 3,5 m, which is the depth with low 
strength.  Samples from depth 3 and 4m, the unbroken lines 
in the figure, give in the laboratory tests a better strength 
compared with depth 3,5 m. Depth 5 m, the dotted lines 
caused no problem, samples from this depth had suffi-
ciently high strength.  

Figure 2. The influence of four parameters on the 
stabilisation effect. Summarised result from uncon-
fined compression tests, with different binders and 
from varying depth, Larsson (2004).  

Stabilised soil samples, which belongs to the dashed line in 
Figure 2 are of type 1(according to table 5) and samples 
along the other lines are of type 2-5. Therefore indicates 
wide lines in Figure 2 samples of sulphide soil that is diffi-
cult to stabilise. Of the parameters in Figure 2 have three of 
them (loss on ignition, specific conductivity and Eh) a 
higher influence on the compression strength of stabilised 
sulphide soils compared with the parameter, pH. Maybe 
should this figure in some way be increased with more 
parameters like watercontent, content of sulphur and iron 
etc.  
 
 

Depth pH Eh Cond. Fe S

[m] [mV] [mg/kg]DS [mg/kg]DS
2 7,18 169 408

2.5 6,67 5,3 669 32400 16300
3 6,79 51,4 839 31200 16800

3.5 7,12 -175 1351 29400 8800
3,6-3,68 7,08 -223 1578 35700 18100

4 6,81 115 434 27100 3560
5 7,37 141 163 29400 132

[ ]cmS /µ

Number Mixtures of binders Notation Laboratory Field

1 Lime/Cement, 50/50 KC50/50 X X
2 Lime/Cement/Gypsum, 33/33/33 KCG33 X X
3 Lime/Cement/Merit, 33/33/33 KCM33 X
4 Cement/Merit, 70/30 CM70/30 X
5 Cement/Merit,50/50 CM50/50 X
6 Cement/Merit, 30/70 CM30/70 X X
7 Cement C100 X X
8 Cement+water C100+H2O X X
9 Cement/Ash, 50/50 CA50/50 X

10 Cement/Ash, 70/30 CA70/30 X
11 Ash A100 X

Type Water Dry Sulphur Fe/S Eh pH Acidification
Content Density  -potential / - speed

[%] [t/m3] [mg/kg DS] [mV]
1 65-120 1,4 >9000 3-3,5 <0 >6 High/slowly
2 48-70 1,6-1,72 6000-9000 3,8(3,5-4) 0-500 3-6 High/slowly
3 40-55 1,8 3800-6000 4-4,5 100-400 3-6 High/mean
4 50 1,75 1200 16,5 100->500 4-6 Mean/fast
5 58 1,7 900 46 0-200 >6 Low/-

Depth Type1

[m]
2 5

2.5 2
3 2

3.5 1
4 4
5 5

1.According to  Mácsik (2003)
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5 FIELD TESTS 
Full-scale tests with stabilisation of sulphide soil will be 
done in May 2005, at the same place as samples for the 
laboratory tests were taken from, south of Umeå see Figure 
1. During the field tests some of the different types and 
amounts of binders from the laboratory tests will be tested 
as well as different mixing energy. 
 
5.1 Binders 
Five binders, KC50/50, KCG33, CM 30/70, C100 and 
C100+H2O will be used in the field tests. The choice of 
binders has been done with taking the laboratory study into 
consideration. Results from mixture KC 50/50 are actually 
not fully satisfying, but in this case it will be used as a ref-
erence binder in order to compare results with earlier expe-
rience.  The mixing energy is planned to be 100 and 300 
BRN (blade rotation number), the amount of binders are 
decided to 150 and 250 kg/m3. Three columns per binder 
will be installed, with a diameter of 600 mm.  
 
5.2 Test methods 
The columns will be tested after 28 and 90 days, with col-
umn sounding method. Some of the columns also will be 
excavated. From these, samples will be taken and tested 
with penetrometer. The homogeneity of the columns will be 
evaluated from these. A test of the columns with seismic 
methods and temperature measurements are planned to be 
carried out.  
 
6 CONCLUSIONS 
An important conclusion from the inventory study is that 
more binder additive is needed in sulphide soils compared 
with “ordinary” clays. New combinations with Merit (M), 
gypsum (G) and fly ash (A) among others, mixed with 
cement (C) or lime/cement (K/C), often will give a higher 
strength to a stabilised sulphide soil. Some of the binders, 
like Merit, needs more mixing energy, as it is a big differ-
ence between laboratory- and field-tests, Hansson (2000). 
 From the laboratory results it is proved that satisfying 
stabilisation effect can be reached with the proper choice of 
binder, amount of binder added, curing time and mixing 
energy. The compression strength varies between different 
sulphide soil types. Most difficult to reach satisfactory 
stabilisation effect was with soil from 3,5m followed by 
soil from 4m. In order to stabilise sulphide soil samples 
from 3,5 m the amount of binder needed was 250 kg/m3.  
 Binders CM and C100 gave the highest compression 
strength compared to the other binders. This is the case for 
the whole soil profile investigated except at 3,5m. Binder 
KCG33 gives the smallest variation in compression strength 
through the whole soil profile.  
 Stabilisation with binder C100 will be conducted with 
water as an extra additive although the compression 
strength decreased when water was added to the mixture. In 
field it might be the opposite. The coming field test will, 
indicate if these assumptions are true or not. 
 The classification method could be one way to deter-
mine how difficult it is to stabilise a special “type” of sul-
phide soil. Laboratory methods that are included in this 

classification method are relative easy to perform. Some of 
these parameters are a part of the diagram in figure 2. The 
diagram shows that parameters like loss on ignition, redox 
potential [mV] and specific conductivity [µS/m] have a 
high influence on the compression strength of stabilised 
sulphide soils. Perhaps the classification method in the 
future can give recommendations of what kind of binder 
and amount that should be used for the best function in a 
specific “type” of sulphide soil. To establish this hypothesis 
more sulphide soils are needed to be investigated with both 
laboratory and field tests.   
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ABSTRACT: A realistic evaluation of the deformation properties of lime cement column stabilised soil is of great 
importance for the accuracy of the calculation of the total and time dependent settlement. It is difficult to determine the in 
situ compression modulus and the hydraulic conductivity of a lime cement column, and very few methods exist. In this 
study two different load test methods were used to evaluate the column modulus in situ. They are described in detailed as 
well as the analytical evaluation of the modulus. The hydraulic conductivity of the lime cement column was measured by 
using a method called packer test, which is similar to a method used for measurement of hydraulic conductivity in a rock 
mass. The evaluation of the hydraulic conductivity of the column was obtained using results from the field tests and 
numerical analysis. A comparison is also made with empirical rules for modulus and hydraulic conductivity recommended 
for engineering design in Sweden. 

1 Introduction 
 
   Stabilization of soft soil by means of lime/cement 
columns has become a technically as well as economically 
very competitive method. It has the benefit of reducing 
settlement and at the same time increasing the stability of 
the soil. This makes the method extremely suitable for road 
and railroad construction. For settlement calculations, the 
compression modulus and the hydraulic conductivity of the 
column must be known. 
   This paper deals with full scale testing in the field for 
determining the modulus and the hydraulic conductivity. 
   Some indications of the strength properties are also 
obtained, but no deeper analysis of that is included in the 
paper. Most of the results reported here are parts of a major 
research project including large test embankments on 
Lime/Cement column stabilized clay. The results from 
these embankment tests are reported in two other papers, 
also to this conference.  
   All tests reported here were performed at the test site 
Stora Viken North, which is located about 20 km North of 
the city of Göteborg. 
 

2 Geotechnical properties 
 
   The soil profile consists of about 10 m marine post-
glacial clay, overlying glacial clay. The depth to bedrock is 
about 35 m and at about 16 to 18 m there is a 2 m thick 
sand layer. The undrained shear strength variation with 
depth is given in Figure 1. The bulk density varies between 
1.45 and 1.7 t/m3.  

   The natural water content varies between 80% and 100 % 
within the first 10 m depth, and then decreases to reach a 
value of about 50 % at a depth close to the bedrock. 
   The undrained shear strength is around 10 kPa right under 
the dry crust and then increases with depth, about 1.2 
kPa/m. 
 

 
Figure 1 Undrained shear strength at Stora Viken 
North 
 
   The hydraulic conductivity of the clay varies a little 
and for the upper 10 m it can be assumed to be 10-9 
m/s. 
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   The pore water pressure observations indicated a 
hydrostatic condition. The ground water table was located 
about 0.5 m below the ground level. 
 

3 Installation of lime/cement columns 
 
   For the purpose of testing full-scale columns, 8 columns 
were manufactured with a diameter of 0.6¨m and a length of 
5 m. About 28 kg stabilizer (50 % lime and 50 % cement) 
was used per meter column. Two of the columns were 
planned for hydraulic conductivity tests, while the other six 
were used for load tests. The columns were manufactured 
in 2001 and tested 1½ years later. 
 
4 Field tests 
 
4.1 Load test and test procedure 
 
   Due to the mixing procedure and equipment, the 
uppermost part of the lime/cement column is usually weak 
compared to the rest of the column, and it happens that it 
consists of only remoulded soil. About 0.9 m of the 
columns top was in this case excavated to identify the real 
column quality, se Figure 2, and a dummy column of 
concrete was cast in place on top to facilitate the future load 
tests. 
 

  
 
Figure 2 Preparation of the top of the columns 
              with and without MOPS. 
 
   Four of the six columns were equipped with a preinstalled 
wire with a bottom plate at the bottom of the column, called 
MOPS. The MOPS was used for loading of the columns.  
 

  
a b 

Figure 3 Test arrangement. 

   By applying a tension force in the wire using a hydraulic 
jack, and gradually increasing the force, the column was 
loaded at both ends, Figure 3 a. This procedure is much 
easier, compared to a dead weight supported loading of the 
top, se Figure 3 b. 
   To be able to measure the deformation of each column at 
different depths during the load test, four holes were drilled 
shortly before the load test, and during testing, tell tales 
were installed and readings of deformations could be made 
at the surface with an accuracy of 1/100 of a mm.  
   Loading was done by increasing the vertical load in 
increments of 10 kN up to the column failure, or until the 
rate of deformation became so large that the loading 
equipment could not keep pace with it. Each load step was 
kept constant for 16 minutes, and readings were taken after 
1,2,4,8 and 16 minutes. 
 
4.2 Test results 
 
   Three types of diagrams are useful for analyzing the test 
results. In Fig. 4, 5 and 6 the results from load tests on 
column 1, 2 and 3 equipped with MOPS are given. In 
Figure 4 and 5 the total deformation and creep respectively 
are given versus applied load. The tests were terminated as 
the applied load reached a value of 120 kN, although no 
clear sudden failure was observed. 
 
 

 
Figure 4 Vertical deformation at the top of the MOPS 
              columns as a function of load. 
 
   At this stage the deformations starts to become so large 
that it was not possible to apply a constant load. 
   The creep deformations potentially increased as the 
applied load exceeded 100 kN. It can be very clearly 
observed that the creep deformations in the columns 
increased rapidly directly at the beginning of the non-linear 
portion of the load-deformation curves. These loads are 
about 75, 70 and 80 kN for column 1, 2 and 3 respectively. 
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Figure 5 Creep deformation at the top of the columns 
              with MOPS as a function of load. 
 
   In Figure 6, the results from the tell tail measurements are 
given for column 1. Here it is obvious, as in the case of 
column 2 and 3, that the upper 0.5 m of the column is fairly 
soft compared to the rest of the column. It can be concluded 
that the middle 4 m of column 1 is very stiff up to a load of 
about 100 kN. 
 

 
Figure 6 Variation of deformations along column 1 for 
              different loads 
 
   In general it can be expected that, the deformations at the 
top of the column are larger than those at the bottom of the 
column due to the increase in the horizontal pressure. 
   In the case of column 1, the large deformations at the 
bottom of the column are due to weak materials between 
the bottom plate and the column. The deformations at the 

bottom of column 2 and 3 were shown to be clearly smaller 
than those measured at the top of the columns. 
   For the two columns, which were not equipped with 
MOPS, the results are given in Figure 7 and Figure 8, 
together with the results from column 1. These results show 
a similar behaviour as that for the columns with bottom 
plate, especially column 1. 
   The only difference is that the tests were terminated as the 
total bearing capacity of the column, that is the sum of the 
shaft resistance and the point bearing capacity, was 
exceeded. 
 

 
Figure 7 Vertical deformation at the top of the columns 
              a function of load. 
 
   The columns thus penetrated the soil during the test 
before the column material reached failure. However, it is 
clear that the plastic deformations started to develop in the 
column material before the collapse of the soil beneath the 
columns. 
 

 
Figure 8 Creep deformation at the top of the columns 
              as a function of load. 
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4.3 Analysis of Test Results 
 
   By replotting and analyzing the test results given in 
previous section, the moduli for the columns can be 
evaluated. These moduli represent boundary conditions 
which are somewhere in between the odometer and the 
triaxial case, as an expansion in horizontal direction will 
result in an increase in horizontal stresses. But the ν-value 
for the intact column is probably fairly low, and therefore 
the difference between the triaxial  and oedometer modulus 
is probably fairly small.  
   For the centre 3 m of the column the evaluated modulus is 
very high for the first load steps, in the order of 200 MPa, 
while it decreases somewhat for stresses up around 300 
kPa. Then, when the column starts to crack, close to the 
creep load a significant drop in the modulus is obtained. 
   In all the analysis the mobilized skin friction at the 
periphery of the column has been accounted for. It might be 
a reasonable, although somewhat conservative assumption, 
to assume that the column behaves as a linear elastic – 
perfectly plastic material.  
 

5 Test for Determination of in situ Hydraulic 
Conductivity 

 
   The test equipment is basically the same as used for flow 
tests in boreholes in bedrock. This requires that a hole is 
drilled in the centre of the column and the equipment 
consists of a probe, a cylinder and a digital pressure gauge 
see Figure 9. Stiff plastic tubes are used to connect the 
different parts of the equipment. 
 

  
 
Figure 9 Hydraulic conductivity test instrument. 
 
   The probe consists of a single-ended metal standpipe 
open at the top. Two inflatable seals 0.5 m long at each end 
are used to isolate that part of the standpipe perforated with 
small holes. The system is flushed making sure no air is 
entrapped, and is then gradually pressurized. Care must be 
taken so that the pressure does not cause cracking of the 

lime/cement column, yet it must be large enough to create 
an effective sealing. The flow of water from the cylinder 
and through the column is monitored as a function of time 
and pressure. 
   The hydraulic conductivity can be evaluated, using a 
correlation factor, usually called shape factor, Brand 
(1980), see the equation below. 
 

 
Where 
Kcol  hydraulic conductivity of the column (m/s). 
Q  flow rate (m3/s). 
∆H  difference in head (m)  
F   shape factor (m) 
 
   The shape factor depends on the geometry of the columns 
and the test equipment and is typically in the order of 0.6 to 
0.9. A finite element model was utilized for the 
determination of the shape factor. Two columns were 
tested, at 2 and 3 different depths respectively. The results 
are given in Figure 10and Figure 11. 
 

 
Figure 10 In-situ hydraulic conductivity test results for 
                column 7 
 
   In the beginning of the tests somewhat higher discharges 
are obtained, but as the tests progress the discharges 
decrease. 
  The reason for this might be the presence of air or as water 
becomes available the column material swells and certain 
existing fissures close. 
   However after a couple of hours fairly stable values are 
obtained. By using the above equation, the hydraulic  
conductivity value for column 7 was about 0.5 to 1 · 10 -8 
m/s while, for the other column it is closer to  5 · 10 -8 m/s. 
   This indicates that the hydraulic conductivity of the 
columns is 5 to 50 times larger compared to the intact clay. 
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Figure 11 In-situ hydraulic conductivity test results for 
                   column 8 
 

6 Strength of Columns Determined by 
Penetration Testing 

 
   Visual inspections of some column samples performed to 
control the distribution of binder material throughout the 
column sections showed that the binder was to a certain 
extent concentrated to the center of the column in the case 
of columns installed with a probe at the base of the column 
used for reverse penetration tests (FOPS). The wire 
connected to the probe might to some extend affect the 
binder distribution as it passes the outlet hole. Column 
prepared for conventional penetration tests (KPS) showed 
more homogenous distribution of binder material but in 
some cases with limited concentration of binder material at 
the column peripheries. In general the column strength 
evaluated based on (FOPS) tests was higher than those 
evaluated from conventional penetration tests (KPS). 
 

7 CONCLUSIONS 
 
   Most of the in-situ load tests were performed on columns 
equipped with a MOPS. In contrast to the FOPS and KPS 
tests for column strength, there was no significant 
difference between the load test results from columns 
equipped with MOPS and those without. Although the load 
tests performed on columns without MOPS were terminated 
before reaching failure within the column materials the 
column started to yield and a comparison for both elastic 
and elastic-plastic column load-deformation behaviour was 
possible to make. 
 
   The evaluated column moduli were in the order of 200 
Mpa, which in general is much higher than the values 
proposed by the Swedish code of practice, Carlsten (2000), 
but in agreement with laboratory and field test results 
reported by Baker et. al. (1997) and Baker (2000). It could 
be clearly observed that the creep deformation in the 
columns increased rapidly directly at the beginning of the 
non-linear portion of the load-deformation curve, giving 
some justification for using a long term creep strength in 
the design. 

   For all the columns tested it was obvious that the upper 
meter or meter and a half of the columns were of much 
poorer quality than the rest of the column. Whether this 
phenomenon could be avoided by modifications in the 
production technique, by using a working bed of half a 
meter or some other action needs to be investigated further. 
 
   The hydraulic conductivity could readily be determined in 
situ and was found to be about 5 to 50 times higher than the 
intact clay, which is clearly smaller than the 200 to 600 
times originally assumed for lime/cement columns, Carlsten 
(2000). 
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ABSTRACT: Traditionally, unconfined compression tests are carried out in lime and cement treated soft clays with 
parametric variation of the additive content and curing time. These studies were most valuable in having a good 
understanding on the pseudo modulus and strength of the treated clays. In this paper, some pioneering works carried out 
under triaxial undrained, drained and isotropic and anisotropic consolidation conditions are presented and discussed within 
the frame work of using deviator stress, mean normal stress and voids ratio (or water content); the so-called state boundary 
surface and the associated stress-strain behaviour. The results clearly illustrate the effect of additive content and the curing 
time in the development of pore pressure and shear strain under undrained condition and the volumetric strain and shear 
strain during the drained case. The dilatancy ratio seems to be similar to the untreated behaviour while the development of 
pore pressure is suppressed and also the volumetric strain under the drained condition. The treated strength lies between 
those of the critical state and the tensile fracture envelope. Strength degradation beyond the peak is also illustrated with 
continuous shear. 
 
 
1 INTRODUCTION 
The Swedish lime column method has been used 
successfully now for more than three decades to reduce 
settlements and to increase the stability of embankments 
and excavations (Broms and Boman, 1976; Rathmayer, 
1997; Holm and Ruin, 1999; Bergado et al 1999). Yet most 
of the fundamental studies related to the behaviour of these 
columns were based on unconfined compression tests of 
treated soft clays.  
 The critical state concept as proposed originally by the 
Cambridge group assumes that the behaviour of normally 
consolidated clay is frictional in nature. With the use of 
lime additives, cementation bonds are developed depending 
on the additive content and the curing time. These bonds 
give a porous structure to the soft Bangkok clay whereby, 
the voids ratio of the treated samples is found to be much 
looser than the states corresponding to the virgin condition 
of the untreated samples. In the earlier studies conducted, 
little attention was paid to the compressibility 
characteristics of the treated clays as studied in the 
Oedometer and triaxial conditions. wherein the (e, log p) 
relations can be studied with a view to explain the treated 

behaviour in terms of the apparent pre-consolidation 
pressure of the untreated samples and the quasi-pre-
consolidation pressure as developed with lime and cement 
treatment. In this paper and in others the authors were 
trying to interpret the behaviour of lime and cement treated 
soft clays somewhat similar to those of the heavily over-
consolidated clays with very high quasi-pre-consolidation 
pressure thought to have developed as a result of the 
cementation bonds formed by the treatment. It is therefore 
easy to present this idea by appealing to the (e, log p) 
relationship. 
 The data presented in terms of the stress strain 
behaviour both under undrained and drained condition is to 
illustrate the effect of the cementation bonds in 
demonstrating the progressive growth of the yield loci with 
increasing contents of the additive and thereby developing a 
rigid structure of the treated soil which is highly 
incompressible and shear resistant. 
 The second aspect emphasized in this paper is the 
dilatancy characteristic as represented by the quantity 

sv dd εε /  as obtained from isotropic and anisotropic 
consolidation paths, which are radial in nature in the (q, p) 
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plot. No attempt is made to estimate the plastic version of 
the dilatancy as defined by p

s
p
v dd εε / , since this later 

quantity is of the same order as the dilatancy defined with 
respect to total strains, since the elastic volumetric strains 
are small and the elastic shear strains are neglected. For the 
purpose of the intended communication here, it was thought 
that such an approach is adequate. Also, the third aim of the 
paper is to study the pattern of strength increase with 
additive content and curing period as well as the strength 
degradation of the treated soil with shear strains larger than 
those corresponding to the peak deviator stress. This latter 
aspect is an important issue to be aware of in the design of 
lime piles as well as in jet grouting that there is substantial 
strength reduction with progressive shear strains beyond the 
peak value and the treated strength values can reduce to as 
low as the original untreated value corresponding to the 
critical state condition. 
 
2 TRIAXIAL CONSOLIDATION BEHAVIOUR 
Soft Bangkok clay when tested under triaxial consolidation 
at increasing stress ratio from 0 to 0.8 (close to the critical 
state), illustrate a zone with voids ratio-log mean normal 
stress as shown in Figure 1. At any value of mean normal 
stress the incremental voids ratio between the isotropic 
consolidation and the critical state is about 0.6. With lime 
and  cement treatment all these voids ratio-mean normal 
stress relations cluster together as a band and are curved, so 
that the lime treated samples undergo very little voids ratio 
change as they are sheared from the isotropic state to 
failure. Also, the maxη value at peak condition is much 
higher than the critical state, M value. 
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Figure 1(a) (e-log p ) relationship during anisotropic 
consolidation tests (5% lime content, 1 month curing) 
 

 
 Another important point to note is now the (e, log p) 
relations are very similar to heavily overconsolidated clay 
and the slope changes from a value very small and similar 
to the swell index (Cs) to the maximum compression index 
(Cc) in the normally consolidated stress state. As such the 
lime treated clays show very little pore pressure 
development under undrained shear and consequently very 
low volumetric strain in the drained shear. The yield loci 
determined from the voids ratio pressure relations with 
additive contents are as shown in Figure 2 and are convex 
in shape, similar to the volumetric yield loci for soils with 
an associated flow rule obeying the normality condition. 

The corresponding strain increment ratio inside and outside 
the yield loci are shown in Figure 3. These relationships are 
similar to those derived in the Cam Clay and Modified Cam 
Clay models. 
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Figure 1(b) (e-log p ) relationship during anisotropic 
consolidation tests (5% lime content, 1 month curing) 
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Figure 2 Influence of lime content and curing time on 
yield locus 
 
3 TRIAXIAL SHEAR UNDER UNDRAINED AND 

DRAINED CONDITIONS 
The lime and cement treatment induces cementation bonds 
in the soft clay and makes the structure more rigid than the 
untreated soft clay. These cementation bonds can be broken 
both by consolidation as well as by shear. These aspects can 
be visualised in the (q, sε ) and (u, sε ) relations during 
undrained shear and the stress paths with strength 
envelopes in the (q, p) plot. The increasing lime and cement 
contents make more and more bonds to develop and 
strengthen the effects of the bonds causing less resistance to 
consolidation and shear. The same phenomenon takes place 
during drained shear, now instead of the excess pore 
pressures, the volumetric strains are suppressed. Increasing 
the additive content and increasing the curing time have the 
same effect of increasing the strength of the cementation 
bonds.  
 In Figure 4, the (q, sε ) relationship is shown under 
undrained condition at the lowest pre-shear consolidation 
pressure of 50 kN/m2 with 5, 7.5, and 10 percent lime 
content and curing period prior to shear of 2 months. The 
lowest lime content gives mild peak and at the highest lime 
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content the peak is well defined in the (q, sε ) plot. At large 
strains, strain softening behaviour is noted and 
destructurisation of the bonds with shear takes place and the 
deviator stress at large strains seek the lower critical state 
values than the peak stress ratio reached before. Figure 5 
illustrates the drained test results in (q, sε ) plot. The 
behaviour is similar with higher deviator stresses for the 
drained case. The (u, sε ) relationship for the undrained test 
is shown in Figure 6. In Figure 6, at high lime content, the 
sample tends to dilate at higher shear strains similar to 
heavily overconsolidated samples. The (q, vε ) relation for 
the sample shown in Figure 5 is presented in Figure 7 at the 
low pre-shear consolidation pressure of 50 kN/m2. 
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Figure 3 Variation of strain increment ratio with stress 
ratio (5% lime content, 2 month curing) 
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Figure 4 (q-εs) plot with various lime content from CIU 
tests ( 2

0 m/kN50p = , 2 months curing time) 
 
 At high pre-shear consolidation pressure of 400 
kN/m2, the undrained behaviour in (q, sε ) and (u, sε ) plots 
are shown in Figures 8 and 9. Now the behaviour in Figures 
8 and 9 illustrate the effect of the cementation bonds being 
reduced by consolidation to higher pre-shear consolidation 
pressure and the behaviour is similar to lightly 
overconsolidated clays. The ( sε , vε ) plot is shown in 
Figure 10. The (η , sε ) relationships are shown in Figures 
11 to 12 for the undrained and drained cases. It is seen that 
substantial strength reduction takes place with additional 

shear during the post peak conditions. It is important that 
this strength reduction be carefully modelled to understand 
better the jet grouted slab and lime and cement treated 
ground under large strain beyond the peak conditions. The 
stress paths and the strength envelopes showing the seeking 
of critical state in the destructured phase during large shear 
is shown in Figures 13 to 16.  A mechanistic picture for 
modelling purposes of the behaviour is also shown in 
Figures 17 to 20. 
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Figure 5 (q-εs) plot with various lime content from CID 
tests ( 2

0 m/kN50p = , 2 months curing) 
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Figure 6 (u- sε ) plot with various lime content from 

CIU tests ( 2
0 m/kN50p = , 2 months curing time) 
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Figure 7 (q- vε ) relationship with various lime content 

from CID tests ( 2
0 m/kN50p = , 2 months curing time) 
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Figure 8 (q-εs) plot with various lime content from CIU 
tests ( 2

0 m/kN400p = , 2 months curing time) 
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Figure 9 (u- sε ) plot with various lime content from 

CIU tests ( 2
0 m/kN400p = , 2 months curing time) 
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Figure 10 ( sε , vε ) plot for lime treated clay from CID 

test ( 2
0 m/kN400p = , 2 month curing) 
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Figure 11(a) (η−εs) plot with various lime content from 
CIU tests ( 2

0 m/kN50p = , 2 months curing time) 
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Figure 11(b) (η−εs) plot with various lime content from 
CIU tests ( 2

0 m/kN400p = , 2 months curing time) 
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Figure 12(a) (η−εs) plot with various lime content from 
CID tests ( 2

0 /50 mkNp = , 2 months curing time) 
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Figure 12(b) (η−εs) plot with various lime content from 
CID tests ( 2

0 m/kN400p = , 2 months curing time) 
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Figure 13(a) Undrained stress paths ( 2

0 m/kN50p = , 
2 months curing time with different lime content) 
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Figure 13(b) Undrained stress paths 
( 2

0 m/kN600p = , 2 months curing time with different 
lime content) 
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Figure 14(a) Effective stress paths for lime treated 
clay (5% lime content, 2 months curing) 
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Figure 14(b) Effective stress paths for lime treated 
clay (10% lime content, 2 months curing) 
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Figure 15 Peak deviator stress envelope from CIU 
tests 
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Figure 16 End of test stress points from CIU tests 
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Figure 17 Schematic diagram of undrained stress path 
for lime treated clay showing yield point 
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Figure 18 Schematic diagram of (q-v) relationship 
from CID test for lime treated clay showing yield point 
 

 
Figure 19 Modification of axes for the application of 
the revised theory (CIU tests) 

 
Figure 20 Modification of axes for the application of 
the revised theory (CID tests) 
 
4 CONCLUSIONS 
The paper summarises pioneering works carried out on lime 
treated clays in the triaxial apparatus under undrained, 
drained and isotropic and anisotropic consolidation 
conditions. All data are presented in the (p, q, e) plot as 
traditionally used in the interpretation of triaxial data. The 
growth of the yield points during the undrained phase in the 
(q, sε ) and (u, sε ) plots with increasing additive content 
and curing time is clearly evident. Similarly, in the drained 
case, the effects are demonstrated in the (q, sε ) and 
( sε , vε ) plots. During isotropic and anisotropic 
consolidation the change of voids ratio with mean normal 
stress was studied and was found to be strikingly different 
from the characteristic displayed by normally consolidated 
soft clays. The dilatancy ratio is somewhat similar to the 
normally consolidated clay. The growth of yield points in 
the (q, p) plot is also presented for all three types of testing 
conditions. The development of strength with additive 
content and increasing curing time beyond the critical state 
and as bounded by the tensile strength envelope as the 
upper limit and the critical state as the lower limit is also 
evident.  The breaking of cementation bonds with increase 
in mean normal stress and the deviator stress is also noted. 
The strength degradation from the peak conditions to the 
critical state with increasing shear strain is also 
demonstrated. 
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ABSTRACT: This paper will review the soilcrete product from more than 10 single axis wet mix projects.  Issues of
mixing energy, continuity, homogeneity, strength, cement factor, and statistical average will be addressed.  An evaluation of
the “Confidence of Quality” will be made based on a statistical review of data.  Comparisons with lab strengths will also be
made to offer a better understanding of product expectations.  Recommendations will be offered on acceptance criterion that
could be used as a guideline for this type of deep mixing.

1 INTRODUCTION
The design of soil mixed materials is evolving as engineers
and consultants better understand the product and how it
works.  In general, the engineering community has
understood that the product of wet soil mixing is a strong,
stiff, brittle material.  Depending on many factors, the
unconfined compressive strength of this material ranges
from 300 to 2,000 kPa for cohesive soils and much higher
for cohesionless soils.  Strains at failure are typically less
than 2%.

What has been less understood in North America is the
degree of variability that should be expected from soil
mixed materials.  Somehow, the concept that in situ earth
materials may contribute to variability has been lost due to
extraordinary focus on mixing equipment and methods.
Regardless of the mixing methods, variability of the
product will be inevitable, but this can be considered in
design, and acceptance criterion developed to support it.

This paper will review several soil mixing projects, the
means and methods of construction, and the quality control
data developed during the work.  From this information,
comparisons with previously suggested acceptance criteria
will be made, and recommendations will be presented by
the authors.

2 DESIGN PRACTICE AND PRODUCT
VERIFICATION

By a very large margin, the Japanese have constructed the
most soilcrete by wet soil mixing in the world (FHWA,
2000).  For a large part of that work, soilcrete strengths
used in design were limited to 490 kPa unconfined
compressive strength.  This criterion was developed from
conservative engineering practices:

§ soil mixing designs used composite strength
parameters so that very hard improved columns
were desirable in soft ground, and

§ using a high standard of quality assurance for the
installation, minimum strength values were adopted
for design.

This practice, together with the fact that the original
foundation soils and the quality of the improved soils are
naturally non-uniform, caused the specified value to be set
relatively low (Matsuo, 2002).

U.S. practice does not abide by the above guidelines,
but closely follows Japanese practice for design strength
development.  This employs the laboratory mixing and
testing of representative field samples and representative
construction practices.  Unconfined compressive strength
testing is performed after a specified cure period that is
usually 7 and 28 days and occasionally 56 days.  The
inclusion of 56-day testing is becoming more common.

qud =  γ  quf 1

quf =  λ  qul 2

where:
qud = unconfined compressive strength used

for design
quf = average unconfined compressive

strength from field test specimens
qul = average unconfined compressive

strength from laboratory test specimens

Historically, Japanese practice has used empirical
values for γ        and λ equal to 0.5.  λ correlates the average
strength of the field test specimens to the average strength
obtained from lab-prepared specimens, and γ        takes into
account strength variability of the soilcrete.  U.S. practice
followed this closely, but in recent years Japanese practice
is evolving to more realistic designs after studying large
amounts of data.  One such review consisted of over 3,700
data points from the very large levee foundation
improvements along the Arkansas River (Matsuo, 2002).
These data points result from soilcrete core samples that are
assumed to be at least 2 weeks old.  Each data point is the
average of test results from 3 samples.  Additionally, four
separate soil layers were reviewed.  Several points resulted
from this paper and studies referenced therein:

§ The empirical ratio λ that correlates average field
and lab strengths should be changed from 0.5 to 1.0
for sandy soil and remain at 0.5 for clay and organic
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soils.  This would result in decreased binder
requirements for sandy soils.

§ The coefficient of variation is about 0.5, indicating a
wide scatter of the field strength values.

§ The empirical ratio γ that accounts for strength
variability should remain as 0.5, regardless of soil
type.

Another study (Taki, 2003) reported results from 26
case studies of strength testing of core samples.  Taki
reported that γ = 0.62 for cohesive soils, γ    = 0.8, for sandy
soils, and the average for all soils was γ  = 0.69.  In that
study Taki proposed to use conservative values of γ        = 0.5
for cohesive soils and γ        = 0.64 for cohesionless soils.  It
should also be noted that this study had relatively low
coefficients of variation (0.38 for cohesive soil, and 0.31
for cohesionless soil).

As reported by Topolnicki (Topolnicki, 2004), the
“guaranteed” strength, qud, alternatively described as the
unconfined compressive strength that 90% of the field
values will be greater than, is defined as:

qud = quf  –  (1.3) σf 3

where:
σf = standard deviation of the compressive

strength of the field specimens.

Introducing the coefficient of variation (COV),

uf

f

q

σ
COV = 4

the guaranteed strength can then be rewritten as:

qud = [1 - 1.3(COV)] quf  =  γ quf 5

3 NORTH AMERICAN DATA REVIEW FOR
SINGLE AXIS WET MIXING

The project data reviewed here came from large diameter
wet mixing (1.2 to 2.4 meters) with no special shear blades
on the mixing tool.  In most cases these projects utilized
tools with multiple levels of mixing blades (usually 3)
spaced at 0.5-meter intervals.  The blade rotation number
for these projects was typically equal to or greater than 400.
This is greater than the 360 recommended in Japan for the
expectation of a reasonably low coefficient of variation
(CDIT, 2002).

Compressive strength data for 11 single-axis wet soil
mixing projects are presented in Figures 1 through 12.  In
each figure, a histogram of the compressive strength data is
presented along with some basic information about the data
set.  The dashed line in the figures is the log-normal
distribution and the solid line is the normal distribution
based on the mean and standard deviation for the test data
presented in the figure.

The California Portland Cement project was to provide
a foundation to support a new cement storage dome in a

seismically active region.  The soil mixed zone consisted of
silts and clayey silts.

The Alameda project was ground stabilization along
the outside bend of a rail corridor.  The soil mixing was
performed in wet silts and silty clays.

The Blue Circle project used soil mixed columns to
support two, 51-meter diameter cement storage domes. The
soil mixing was performed in soft, organic, silty clay
overlying a soft-to-firm inorganic silty clay.

The Hamm Marine project was ground stabilization for
bearing support and to reduce lateral earth pressures on a
sheetpile retaining wall system.  Over the 600 meters of
wall length, the soils consisted of soft clays, silts, silty
sands, and medium-stiff plastic clays.

The Clovelly tanks are supported on soil mixed
columns constructed in 10 meters of soft clays and silty
clays.  The soil mixed columns furnished stable bearing and
reduced settlements.

The Marina del Rey Development project used soil
mixed gravity walls as an earth retention system and a
groundwater barrier.  This was done using soil mixing in
soft to medium-stiff silts and clays.

The PP&L project used soil mixed columns to support
a 6-story parking garage through a mixture of silty sand fill
over silts and silty sands.

The statistical parameters for the strength results
presented in Figures 1 through 12 are summarized in Table
1 along with some additional information on soil type,
mixing tool size, and imposed design stress.  For the 11
projects summarized in the table, the coefficient of
variation values range from 0.22 to 0.76.  These values
correspond to γ values that range from 0.01 to 0.71.  The
average values of COV and γ are 0.45 and 0.42
respectively.  Comparing the γ values for these projects to
the value of 0.5 commonly used in Japan suggests that the
compressive strength data for these projects are more
variable than typically expected for soil mixing performed
using the equipment and methods commonly used in Japan.

For several of the projects discussed here, the values of
qud calculated using the procedure recommended by
Topolnicki (Topolnicki, 2004) fall below the imposed
design stress.  This indicates that more than 10% of the soil
mixed material is expected to have strength values below
the imposed design stress.  However, the mean strength of
the field test specimens exceeds the imposed design stress
in all cases, and for 7 of the 11 projects, the “guaranteed
strength” qud exceeds the imposed design stress.
Additionally, it should be understood that these wet soil
mixing projects used tools that produced columns with
cross-sectional areas greater than 3.8 m2.  When working
such a large area, it can be expected that the soilcrete
strength will vary in all dimensions, and considering the
fact that stress follows the path of greatest stiffness, it is
likely that using a value of γ = 0.5 may be too conservative.
In all cases, the mean value of compressive strength from
field specimens is greater than 1.5 times the imposed stress.
This, and the fact that all of these projects are performing
satisfactorily, supports the idea that it is acceptable to have
a reasonable percentage of the compressive strength test
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Figure 1) California Portland Cement Project.
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Figure 2) Alameda Project.
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Figure 3) Blue Circle Project.
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Figure 4) Hamm Marine.
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Figure 5) Clovelly Tank 6401.
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Figure 6) Clovelly Tank 6402.

Wet Grab Samples
40 samples
Mean = 3.25 MPa
COV = 0.34
CC = 266 kg/m3

Core Samples
17 samples
Mean = 1.57 MPa
COV = 0.45
CC = 202 kg/m3

Wet Grab Samples
71 samples
Mean = 5.18 MPa
COV = 0.59
CC = 236 kg/m3

Wet Grab Samples
32 samples
Mean = 1.40 MPa
COV = 0.45
CC = 160 kg/m3

Wet Grab Samples
216 samples
Mean = 2.08 MPa
COV = 0.76
CC = 239 kg/m3

Wet Grab Samples
136 samples
Mean = 1.83 MPa
COV = 0.34
CC = 239 kg/m3
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Figure 7) Clovelly Tank 6405.
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Figure 8) Clovelly Tank 6406.
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Figure 9) Clovelly Tank 6409.

0 1 2 3 4 5 6 7 8 9 10
Unconfined Compressive Strength (MPa)

0

5

10

15

20

25

30

35

40

R
el

at
iv

e 
F

re
qu

en
cy

 (
%

)

Figure 10) Clovelly – All Tanks.
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Figure 11) Marina del Rey Development Project.
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Figure 12) PP&L Project.

Wet Grab Samples
156 samples
Mean = 3.03 MPa
COV = 0.42
CC = 272 kg/m3

Wet Grab Samples
132 samples
Mean = 1.82 MPa
COV = 0.47
CC = 239 kg/m3

Wet Grab Samples
148 samples
Mean = 2.77 MPa
COV = 0.36
CC = 239 kg/m3

Wet Grab Samples
788 samples
Mean = 2.31 MPa
COV = 0.55
CC = 239 to 272 kg/m3

Wet Grab Samples
28 samples
Mean = 1.31 MPa
COV = 0.45
CC = 180 kg/m3

Core Samples
26 samples
Mean = 8.03 MPa
COV = 0.22
CC = 305 kg/m3
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Table 1) Summary of statistical parameters for compressive strength test results.

Project Soil
Type

Tool
Diameter
(meters)

CC
(kg/m3)

Imposed
Design
Stress
(MPa)

Sample
Type

Mean
(MPa)

COV γ qud

(MPa)

CPC NC 2.4 266 0.69 wet grab 3.25 0.34 0.56 1.81

Alameda C 2.1 & 2.4 202 0.86 - 1.10 core 1.57 0.45 0.42 0.65

Blue Circle C/O 2.4 236 0.62 wet grab 5.18 0.59 0.23 1.21

Hamm Marine C 2.1 160 0.10 wet grab 1.40 0.54 0.30 0.42

Clovelly 6401 C 2.4 239 1.21 wet grab 2.08 0.76 0.01 0.02

Clovelly 6402 C 2.4 239 1.21 wet grab 1.83 0.34 0.56 1.02

Clovelly 6405 C 2.4 272 1.21 wet grab 3.03 0.42 0.45 1.38

Clovelly 6406 C 2.4 239 1.21 wet grab 1.82 0.47 0.39 0.71

Clovelly 6409 C 2.4 239 1.28 wet grab 2.77 0.36 0.53 1.47

Clovelly all C 2.4 varies varies wet grab 2.31 0.55 0.29 0.66

Marina del Rey C 2.4 180 0.41 wet grab 1.31 0.45 0.42 0.54

PP&L NC 1.8 & 2.4 305 0.69 core 8.03 0.22 0.71 5.73
C = cohesive, NC = non-cohesive, O = organic, CC = cement content, COV = coefficient of variation

results fall below the qud value without significant impact
on the overall performance of the project.

Failure of these projects is generally not controlled by
the minimum strength value of the material because any
potential failure surface involves a relatively large volume
of mixed soil.  As a result, it is reasonable to consider the
average strength of the material along with some provision
that not more than a given percentage of the test results fall
below a lower specified value.

4 CEMENT CONTENT OR CEMENT FACTOR
The previously presented figures each indicate a target
cement content (CC) used for the project soil mixing.  In
most publications, cement factor (CF) is used to indicate
the amount of binder used in the soil mixing.  The two
terms are defined as follows:

soilofvolume

cementdryofmass
CFFactorCement == 6

grout)(soilofvolume

cementdryofmass
CCContentCement

+
== 7

The authors have used cement content because it
includes many factors important to the quality of soil
mixing that are not included when the term cement factor is
used.  These factors include:

§ The concentration of cement in the injected slurry.
Depending on the available water contained in the
soil, the water:cement ratio of the grout is adjusted
to maximize quality and minimize waste.

§ The volume of slurry injected.  Depending on the
soil type, the volume of slurry necessary for proper
shearing and mixing is an important aspect of
preparing a uniform and consistent product.

Without consideration of these aspects in wet soil
mixing, only a partial understanding of the factors that
influence the quality of the final product is obtained.
Experience from many laboratory and field tests has proven
the importance of considering these factors, and it is
recommended that the industry report findings using
cement content rather than cement factor.

5 DISCUSSION ON SAMPLING METHODS
It is important to obtain as representative a sample as
possible for quality control verification of the soilcrete
product.  It must also be recognized that all sampling
methods, and some testing methods, are imperfect and that
the product being sampled is heterogeneous.

The literature has typically reported core samples as
the most widely used method for verification.  There are
some very positive aspects of this sample method, and there
are some negative aspects.  Coring furnishes a sample of
the product cured in the most representative environment
and cores can be retrieved continuously from top to bottom.
But coring suffers from some negative aspects:

§ Samples are easily damaged during the coring
process, leaving microfractures in the sample, or
yielding untestable sections of sample.  This leaves
only the best samples for testing which can bias the
test results toward higher strength values.

§ Coring requires specialized equipment, tooling, and
driller experience.  Two different drillers can get
very different core retrieval.

§ Retrieving deep samples from slender sections of
soilcrete is very difficult due to the natural tendency
of the core barrel to follow the path of least
resistance out of the soilcrete.  This frequently
occurs at a depth of about 10 meters or shallower.

§ Coring is costly and slow, limiting the number of
samples that can be retrieved.
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This paper presents data from in situ wet grab samples
on several large projects.  This typically is done using a
sampler that is inserted into the uncured wet column
immediately after completion.  The sampler can collect a
discrete sample size from any depth.  The sample is then
cast into molds and moist cured on site or at a laboratory
facility after initial set.  The sampling device can be
inserted to retrieve many samples from a variety of depths,
at the discretion of the quality control representative.
Negative aspects of this sampling method are that the
specimen is not cured in situ, the test specimen only
represents what enters the sampling device, and its precise
location in plan dimension is not known.  Wet grab
sampling offers several positive aspects:

§ a large number of samples can be retrieved and
tested, even permitting testing at various ages to
predict ultimate strengths.  This is particularly
useful on smaller and short duration projects.

§ all samples are of good quality.
§ it is inexpensive, permitting the retrieval and testing

of far more samples for a more accurate statistical
evaluation.

As evidenced by the results presented in this paper and
those presented in other referenced papers, variability of the
test results is to be expected.  This variability is largely due
to the inherent variability of ground conditions.

8 CONCLUSIONS
Unconfined compressive strength data has been presented
for more than 1,000 test specimens obtained by wet grab
sampling and coring for 11 single-axis wet soil mixing
projects.  This data has been statistically analyzed for
comparison to previously published information for
verification and acceptance of soil mixed materials.  This
evaluation yields the following recommendations.
1. Single-axis wet soil mixing performed with the

appropriate cement content and mixing energy can
provide high quality soilcrete similar to that reported for
other projects involving single and multi-axis soil
mixing.

2. Large diameter tooling may contribute to slightly higher
variability in the strength of the mixed soil, but the large
cross section permits acceptance of higher variability
provided that the mean value of the compressive strength
exceeds the imposed stress by a factor of 1.5.

3. It is recommended that both core and wet samples be
retrieved from production work for testing.  Wet grab
sampling should be done at a rate of one set of samples
per 250 m3 with a minimum of one set of samples per
shift.  Core sampling should be done at a rate of one core
location per 2,500 m3 of soilcrete.

4. Requirements for soilcrete strength should include the
required mean strength and a second criterion that the
guaranteed strength calculated by equation 5 be equal to
or greater than a specified value.  This will allow up to
10 percent of the strength test results to be below the
guaranteed strength value.

5. Case history reporting should include information about
the cement content when the soil mixing is by the wet
method in consideration of the slurry concentration and
the volumes installed.

6. Additional review and evaluation of the strength of
soilcrete for various cement contents and soil types along
with performance information will lead to more accurate
design methods and broader acceptance of the wet soil
mixing method.
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The durability of deep wet mixed columns in an organic soil 
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ABSTRACT: The durability of deep wet mixed organic soils using a slag/cement binder has been investigated by the  
excavation of 4 year old columns. Scanning electron microscopy and X ray diffraction techniques were used on samples to 
examine the state of both the natural soil and the mixed soil to assess durability. Despite the acidic ground water and high 
sulfates in the organic soil the deep mixed columns showed little signs of change in state. 
 
 
1 INTRODUCTION 
Soft organic soils are characterised by their low strength 
and high short and long term compressibility. These 
characteristics preclude their use as a founding stratum for 
infrastructure development. Solutions to this problem are 
expensive and involve either the removal of the organic soil 
or founding in a competent layer beneath.  The stabilisation 
of soft organic soils project ‘EuroSoilStab’ (partially 
funded by the UK Highways Agency) carried out research 
into deep soil mixing to stabilise soft organic soils. The 
project developed binders and in situ deep mixing to 
increase the strength and reduce compressibility of the soft 
organic soils and completed a unique full scale field trial 
with a test embankment to assess the behaviour of the 
stabilised soil under load. The test embankment was 
extended to test load untreated soil to provide a direct 
comparison with the stabilised soil ( Butcher et al 2005a). 
However because of the EuroSoilStab project time scale 
only the short term behaviour of the deep mixed soil was 
measured.  

A follow on project ‘Long term behaviour of deep soil 
mixing of soft organic soils’, commissioned by the UK 
Highways Agency used the existing data and gathered more 
data on the full scale field trial to assess the long term 
behaviour of the loaded deep mixed soft organic soil and 

the untreated soil. The project was also to examine the 
durability of the deep mixed soil, when subjected to ground 
water chemistry and soil binder reaction, by excavation of 
the mixed soil and field and laboratory testing of 
specimens.  
 
 
2 TEST SITE AND SOIL PROPERTIES 
The EuroSoilStab test site was located at Dartford close to 
the confluence of the Thames and Darent rivers. The soil 
profile consisted of up to 5.5m of soft organic silty clay 
overlying the Thames gravels. This profile is typical of the 
lower Thames valley as fully described by Marsland (1986) 
The Thames gravels are an aquifer connected to the tidal 
Thames river. The soil profile is shown in Figure 1 with 
undrained shear strengths from 5 to 20 kPa and organic 
content up to 80% with high moisture content and low bulk 
density. 
The deep soil mixing trial at the Dartford, UK, site was one 
of the six full scale trials completed during the 
EuroSoilStab project. The details of the trial are included in 
Butcher et al (2005b) but briefly comprised three sections 
of deep mixed columns on a square grid as shown in Figure 
2, Section BB: 5.5m deep, 0.9m diameter at 2m spacing, 
Section CC: 5.5m deep, 1.2m diameter at 2m spacing and 
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Figure 1: Soil properties at the Dartford test site. 
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Section DD: 4m deep, 1.2m diameter at 2m spacing  
Section AA was left without deep mixed columns as a 
control to assess the behaviour of the natural ground. The 
loading embankment was constructed in 3 lifts of one metre 
per lift giving an increase in pressure at the original ground 
surface of 54 kPa. 
 
 
3 DEEP MIXING BINDER DESIGN 
The deep mixing binder design was completed as part of 
the Eurosoilstab project and was specifically selected not 
only to increase the strength of the natural soil but also to 
resist the attack of the high sulfate ground water and the 
effects of the organic material in the soil.  
 BRE Special Digest 1 (SD1) ‘Concrete in aggressive 
ground' highlights the effect of sulfates and acids on 
concrete and sets out a table to classify sites according to 
the sulfates (SO4) in the groundwater. Typical organic clay 
sites have sulfates in the 3 g/l to 6 g/l range and SD1 
recommends using sulfate resisting Portland cement or 
High Slag Blast Furnace Cement with a slag content of not 
less than 74%. SD1 also considers the acidity of the soil 
and recommends, for pH in the 3.5 to 5.5 range, to increase 
the slag content in the cement or use pulverised fuel ash 
(pfa) – Portland cement combinations. The recommended 
minimum cement content is 360 – 380 kg/m3 where cement 
content means the reactive solids, that is including slag and 
pfa with the cement. This is to ensure  the pH level rises 
above the 12pH level that allows a pozzolanic reaction to 
start. 
 SD1 however looks at concrete cast in the ground and 
its resistance to sulfates and acid which could permeate into 
the concrete from the ground. The deep wet mixing process 

mixed the soil with the binders to form a new material. 
However SD1 does indicate that the effects of sulfates and 
acids can be controlled to some extent by using slag or pfa 
mixed with OPC and so gave the lead to the selection of 
binder and an indication of the proportions of OPC to slag 
that works in concrete. 
 The in situ mixing will include the sulfates and acids 
in the organic soil in the mix and so poses a new problem 
such as the effect of sulfates and acids on the binder 
reaction.  This problem appears to be related to the total 
sulfates and pH value of the soil.  The only work carried out 
on this subject is related to the use of soil mixing to 
stabilise soils for road sub bases and is summarised by 
Sherwood (1993). In this context the concerns were for 
reactions that would create swelling or expansion (creation 
of ettringite and thaumasite) as well as strength and 
stiffness gain.  This work highlighted the pozzolanic effect 
of slag and OPC together to have a significant long term 
strength gain over OPC alone. 
 The selected binder consisted of granulated ground 
blast furnace slag (GGBFS) and ordinary portland cement 
(OPC) and the dosage was GGBFS:OPC in a 75:25 mix 
with a water solid  ratio of 0.5 and added at an average rate 
of 350kg/m3. Laboratory tests on mixed soil to the 
specification in the Eurosoilstab project output: Design 
Guide: soft soil stabilisation (2002) gave indications that 
the 28 day undrained shear strength would be increased by 
10 times the natural soil strength with a similar increase in 
stiffness. 
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Figure 2: Plan and section of the deep wet mixing trial with test embankment. 

Section AA 
No deep 
mixing 

48 Deep Mixing´05



4 DEEP WET MIXED COLUMN INSTALLATION 
The deep wet mixed soil columns were installed by Keller 
Ground Engineering as part of the Eurosoilstab project. The 
equipment is fully described in the Eurosoilstab Design 
Guide but briefly used a mixing tool, as shown in Figure 3, 
rotating at a fixed rate of 16 revolutions per minute that was 
progressively lowered into the ground at a fixed rate 0.5 
metres per minute, to the design depth and then raised back 
to the surface at the same rate of rotation and lift. The wet 
mixing method requires the binder to be supplied both 
during the downward progression of the tool and during the 
raising, withdrawal, phase of the mixing. In this way the 
soil is mixed twice with half the binder delivered on the 
down stroke of the tool and the other half on the upward 
stroke. Figure 3 shows the tool just before it contacted the 
ground with the binder supply started showing the binder 
delivery hole close to the vertical axis of the tool.  
 
 
5 INVESTIGATION OF DEEP WET MIXED 

COLUMNS 
The deep wet mixed columns were investigated 4 years 
after construction. The investigation was completed by 
excavating trenches, located as shown in Figure 2,  to one 
side of a pair of columns. The trenches were supported to 
allow safe access and to excavate into the columns and the 
soil between the columns. 
  
 
6 FIELD TESTING 
Samples were taken and a series of in situ vane shear tests 
completed to assess the strength of the soil between the 
columns and the mixed soil in the columns. Specimens 
were taken from the samples and tested for total sulfates 
and water soluble sulfates. The pH was assessed using an in 
situ probe and with phenolphthalein that turns material red 
when the pH is above 8.3.  
 The results from these tests are given in Figure 4 and 

show a significant difference between the natural soil, 
between the columns, and the mixed soil in the columns. 
The pH values in the centre of the columns were in the 
range 10 to 12 that is the level required to start the primary 
pozzolanic reaction. The pH levels in the natural soil were 
in the range 3 to 7 that is typical of recently (10000years 
before present) deposited organic alluvium. The sulfate 
levels were of a similar level in the natural soil as in the 
mixed soil but the undrained shear strength did not show 
the increase predicted by the laboratory mixing trials of 
about 10 times the natural soil values. This data must be 
viewed with the background that the tests were only 
obtained where the field vane could be pushed into the 
mixed soil.   
 The photographic image of the excavated column in 
Figure 5 shows a representative section through a column, 
space does not allow a full profile to be included.  The 
lower part of the Figure gives an outline of the details that 
only show up by colour on the photograph. The boundary 
of the column was identifiable by a thin, up to 10mm thick, 
layer of very hard binder with very little soil. Other parts of 
the mixed soil column included areas of mixed soil, with 

 
Figure 3: Deep wet mixing tool. 
 

Figure 4: Profiles of pH, sulfates, and undrained shear strength from both between and inside the soil mixed 
columns 
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pH over 8.3 shown in part by the phenolphtalein pH 
identifier, but also other areas of very hard binder without 
soil.   
 
 
7 LABORATORY TESTING 
The samples taken from both the natural soil and from 
within the mixed soil columns were split into specimens for 
laboratory testing for pH, water soluble sulfates and total 
sulfates. This data is included in Figure 4. Small specimens 
were prepared for the Scanning Electron Microscopy 
(SEM) and X-ray diffraction (XRD) investigations. 
 These specimens were attached to SEM stubs, coated 
with an indicated 2nm of gold and examined by scanning 
electron microscopy using back scattered electron imaging 
and energy dispersive X-ray spectroscopy to identify the 
elements present. 

7.1 Scanning Electron Microscope (SEM) 
The samples were examined by SEM to see if the effects of 
the deep mixing could be seen. 

 Two samples were provided for the SEM 
examinations, Sample P (Figure 6) of natural soil at 1.5m 
depth and Sample I (Figure 7) from the centre of a column 
at 1m depth. The images from the SEM examinations of 
Sample P are shown in Figures 6, with further magnified 
areas in Figures 6A to 6C and those of Sample I in Figure 7 
with further magnified areas in and Figures 7A to 7C. Each 
image includes a scale by which to assess the size of the 
particles. 

When viewing the SEM images it is useful to 
remember that the size of silt particles is in the range 
0.002mm to 0.06mm, that is 2µm up to 60µm. Clay 
particles are smaller at less than 2 µm.   

Figure 6 of Sample P clearly shows an extremely 
variable material with organic cellular structures (middle-
left of the image), open structure (lower-centre) and more 
intact material (left-centre and middle-top).  
 Figure 6A shows fibrous organic particles from the A 
outline in the Figure 6 image, the cellular structure is clear, 
with the attached ‘balls’ of clay sized particles and further 
magnification reveals the clay sized particles attached 

B 

 
Figure 5: Excavated portion of wet deep mixed column with interpretation of features 
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individually to the organic particles. 
 Figure 6B shows magnified images of the B outline of 
the Figure 6 image.  In this case the particles appear to be 
of clay sized platy shaped closely packed with some 
attached sub angular particles. 
 Figure 6C shows the magnified images from the C 
outline of the Figure 6 image and here the particles are 
generally larger, around 20 µm, and packed together. 
 Figure 7 is an image of Sample I of mixed soil from 
the centre of a column at 1m depth with outlines showing 
the areas magnifies further. 
 Figure 7A shows the magnified image of the A outline 
from the Figure 7 image of the mixed soil sample and 
shows the platy particles have attached elongated sub 
angular particles that could be crystalline particles.
 Figure 7B shows a similarly complex structure with 
particles that are platy, typical of some clay minerals, and 
sub angular clay sized particles though cementing of the 
structure is difficult to see.   
 Figure 7C shows another part of Figure 7 specimen 
image with mostly fibrous particles with some sub angular 
clay sized particles.  

7.2 X-ray diffraction 
X-Ray diffraction examinations of soil samples from deep 
mixed soil columns and of natural soil were made to assess 
whether the mixing had changed the mineral content or 
whether other substances had been created. 

The samples were mounted on a qualitative holder and 
were analysed by X-Ray Diffraction using a Siemens D500 
Diffractometer from 5-50 degrees 2 times theta diffraction. 
 The X-Ray Diffractions were carried out on a selection 
of samples from inside an excavated soil mixed column in 
Section BB. Samples of the natural soil adjacent to the  
columns were also examined to provide a comparison. 
Typical outputs in graphical form are given in Figure 8 for 
the natural soil and Figure 9 for the mixed soil. The figures 
show the X-ray counts against the diffraction angle for each 
sample. As the beam of X-Rays is directed toward the 
sample each mineral will diffract the X-rays by a specific 
combination of degrees of diffraction. For example in 
Figure 8 the mineral Illite is detected by diffractions 
principally at 9, just under 20 and just under 27 degrees, 
with lesser diffractions at 18, 24, 31, 34.2, 37.4, 41.6, and  
45.8 degrees. This combination of diffractions is the 

Figure 6: SEM image P4 of natural soil from 1.5m 

A 

B 
C 

10µm 100µm A 

Figure 6A: Magnified image of  outline A in Figure 6 

10µm 100µm C

Figure 6B: Magnified image of  outline B in Figure 6 

10µm 100µm B 

Figure 6C: Magnified image of  outline C in Figure 6 
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Figure 7:  SEM image of mixed soil form 1m depth 

A

C
B

10µm 100µm A

Figure 7A: magnified image of outline A in Figure 7 

10µm 100µm 
B

Figure 7B: Magnified image of outline B in Figure 7 

10µm 100µm C

Figure 7C: Magnified image of outline C in Figure 7 

signature for Illite minerals. The results from the X-Ray 
diffractions are generally qualitative although an indication 
of the portion of the mineral present can be obtained with 
experience.  
 The main difference between the natural soil and the 
mixed soil is the presence of Calcite in all the mixed soil 
samples and some mixed soil also had Gypsum with only 
one sample (the results are shown in Figure 9) showing 
small traces of Ettringite.  
 The normal course of events with a granulated ground 
blast furnace slag (ggbfs) and ordinary portland cement mix 
is for the pozzolanic part of the ggbfs to react with the 
Portlandite (20 to 25% of the cement paste) in the cement to 
create the cementing. If the pH of the mix is below about 
11pH carbonation of the cement/ggbfs combination can 
occur and create calcite.  
 Alternatively the calcite could have been produced as a 
by-product of the neutralising effect on the cement by the 
acidic soil (the natural organic soil has a pH of around 5). 

 The cause of this production of calcite appears 
therefore to be low dosage. A low dosage of cement would 
not push the pH of the mix (including the acidic soil) above 
the 12 to 13pH required for the primary reaction of the 
cement to start. The pozzolanic effect of the ggbfs is a 
slower process than that of the cement. 

The presence of the gypsum is less easy to explain as it 
could be a by-product of the cementing process but it is not 
included in all the mixed soil samples. Other cases have 
shown Gypsum to be leached from shallow layers of soil so 
the presence only in the 2.3m and 2.5m depth mixed soil 
could be due to this.  
 
 
8 CONCLUSIONS 
Deep wet mixing of organic soils can provide a durable 
long term foundation solution provided the properties of the 
organic soil and the ground water are taken into account in 
the binder design.  
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P02/1589/2 Sample J - Mixed soil, 2m depth
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Figure 9: X-ray diffraction measurements on a specimen of mixed soil 
 

 The deep wet mixed columns examined in this 
investigation showed durable mixed soil with little or no 
signs of sulfate attack or other degradation likely to reduce 
the structural performance of the columns. 
 However the columns were found to have poor mixing 

quality with volumes of neat set binder and volumes of 
mixed soil within the columns. The parts of column with 
neat set binder showed that the mixed soil was likely to 
have a dosage lower than the design and this was verified 
by the existence of calcite that is produced when a full 

P02/1589/4 Sample P - Natural soil, 1.5m depth
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Figure 8: X-ray diffraction measurements on a specimen of natural soil  
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pozzolanic reaction cannot take place. The poor pozzolanic 
reaction was because of the low pH of the soil and so 
contributed to the low strength of the mixed soil. The 
overall structural performance of the deep wet mixed 
columns however was as expected (Butcher et al 2005b). 
 The  X-ray diffraction results showed that little or no 
sulfate attack on the mixed soil occurred as very little 
ettringite was formed, an indicator of sulphate attack that 
can have expansive properties that breaks up cemented 
material 
 The SEM images confirmed a very variable structure 
with platy clay sized particles, crystaline particles and 
organic matter in the deep mixed columns. 
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ABSTRACT: When deep cement mixing is conducted for peat, a highly organic soil, the peat may not sufficiently solidify.  
In this study, the unconfined compression test, observations with an electronic microscope, X-ray diffraction and other tests 
were conducted on specimens prepared by treating peat with several binders of various chemical compositions.  Results 
indicated that a binder with high concentrations of sulfur trioxide and aluminum oxide was the most effective.  It was also 
found that the formation of ettringite, a hydration product, was closely related to the improved strength of peat. 
 
 
1 INTRODUCTION 
Peaty ground, which is high organic soil, is very common 
in Hokkaido, Japan.  When deep cement mixing is used for 
peaty ground, obstruction to solidification that may be 
caused by organic matter in peat becomes a problem (Noto 
and Shimaya, 1986).  Even in laboratory tests where 
uniform mixing can be performed, peat may not solidify 
when using portland or blast furnace cements (Hayashi et al, 
1988).  In Japan, a cement with a special chemical 
composition is used in such cases.  Some types of special 
cements for organic soil are ineffective for peat, however.  
It is therefore important to find a way to choose the ones 
most effective for peat from many types of such 
commercially available cements.  

In view of the above background, the unconfined 
compression test, observations with an electronic 
microscope, analysis using X-ray diffraction and other 
examinations were conducted on peat, which was stabilized 
using several binders of various chemical compositions.  
This paper presents the types of binders suitable for 
stabilization of peat, criteria for their selection and the 
mechanisms of strengthening.  
 
 
2 EFFECTS OF DIFFERENT TYPES OF 

BINDERS 
A laboratory mixing test was performed on ordinary and 
special cements commercially available in Japan for cement 
treatment in order to clarify their effect on peat. 
 
2.1 Test conditions 
Peat for the research was collected from three areas in 
Hokkaido: Ebetsu, Yubarigawa and Enbetsu.  The 
engineering properties are shown in Table 1.  Ebetsu peat is 
highly decomposed and mixed with a small amount of clay.  
Enbetsu peat is highly organic and has high water content 

as compared with peat in other areas of Hokkaido.  
Yubarigawa peat has properties falling between those of 
Ebetsu and Enbetsu peat.  

Eight types of powdered special cements developed 
for organic soil were used as binders, in addition to portland 
and blast furnace cement.  In this paper, the binder content 
BC (as a percentage) is defined by Eq. 1).   The chemical 
composition of binders used is shown in Table 2.  
 
 
 
 
      
    

Eq. 1) 
 

Specimens 5 cm in diameter and 10 cm in height were 
prepared in accordance with the criteria of the Japanese 
Geotechnical Society concerning the "practice for making 
and curing stabilized soil specimens without compaction," 
which defines the mixing time of the soil and binder to be 
10 minutes (The Japanese Geotechnical Society, 2000).  
The unconfined compression test was conducted after 28 
days of indoor wet curing at a fixed temperature of 20 deg. 
centigrade.  

 
 
 

the weight of the dry binder 
BC(%)=  
                 the wet weight of  the soil to be treated 

Properties Ebetsu peat Yubarigawa peat Enbetsu peat
 Natural water content (%) 380 719 912

 Density of soil particles (g/cm3) 1.85 1.60 1.62
 Ignition loss (%) 47 70 95
 pH 5.1 4.1 5.0

Table 1  Engineering properties of peat tested 
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2.2 Results of the unconfined compression test 
For land works in Japan, the design strength of columns for 
the deep mixing method is specified at approximately 200 
to 500 kN/m2 in unconfined compressive strength.  The 
strength in the laboratory mixing test was roughly three 
times as high as the design strength (CERI, 2002).  This 
discrepancy was due to the difference between on-site and 
laboratory mixing levels, which vary due to the type of 
construction machinery and the blade rotation number at 
the site (Hayashi and Nishikawa, 1999).  Values three times 
as large are usually used for standard construction works in 
Japan.  Therefore a strength of 600 to 1,500 kN/m2 is 
necessary in a laboratory mixing test.  

The amount of mixing for each binder and the 
unconfined compressive strength at the curing time of 28 
days (qu 28) for each specimen is shown in Fig. 1.  For 
Ebetsu peat, with its relatively low water content, the 
strengths of portland and blast furnace cements were 

slightly lower than those of special cement specimens.  All 
binders, however, satisfied the required strength mentioned 
above.  

For Yubarigawa peat, the effect varied depending on 
the binder.  For portland cement and special cement F, the 
strength was low at BC 20% and increased sharply at BC 
30%.  Other binders did not show such a sharp increase in 
strength, and showed a steady increase in strength as the 
binder content increased.  When the design strength was set 
to be high, the necessary strength could not be obtained 
with ordinary portland cement, even at BC 50% . 

For Enbetsu peat, with its high water content, the 
strength varied considerably depending on the binder.   
With blast furnace cement, the strength was less than 20 
kN/m2, even at BC 50%, and it was extremely small.  When 
special cements B, F and G were used, the stabilization 
effect was at the same level as that of blast furnace cement 
or lower.  Special cements C, D and E showed stable and 

SiO2 Al2O3 Fe2O3 CaO MgO SO3

 Portland cement 22.4 4.9 2.9 64.8 1.4 2.1 0.11
 Blast furnace cement 26.3 9.3 2.1 54.5 3.6 2.1 0.21
 Special cement A 17.2 4.2 2.4 60.0 1.1 10.5 0.25
 Special cement B 19.2 4.6 3.2 61.2 1.0 7.7 0.20
 Special cement C 19.8 5.9 1.8 54.2 2.4 11.9 0.33
 Special cement D 16.5 4.1 2.4 57.1 1.1 12.3 0.29
 Special cement E 21.6 9.9 - 46.6 3.5 11.4 0.46
 Special cement F 18.5 4.5 2.6 61.5 1.2 7.0 0.19
 Special cement G 22.1 5.2 3.0 60.4 1.6 1.9 0.12
 Special cement H 27.1 11.2 - 48.1 4.2 6.0 0.36

Specific chemical composition (%)
SAC ratio Binders

Table 2  Chemical composition of binders used 

Figure 1  Unconfined compressive strength of treated peat at curing time of 28 days 
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high strength.  The stabilization effect of special cement E 
was especially notable.  With special cement H, a sharp 
increase in strength was observed at BC 30 to 50%, 
although the strength at BC 20% was low.  There has been 
a report that the stabilization effect of blast furnace cement 
for highly organic peat with high water content, such as 
Enbetsu peat, will increase sharply after BC 100% is 
exceeded (Noto and Shimaya, 1986).  For actual works, 
however, blast furnace cement and special cements B, F 
and G were considered inappropriate for this type of peat, 
since the limit for binder content in the field is usually 
around BC 50%.  
 
2.3 Chemical reactions between peat and binder 
There are two aspects of the chemical reactions between 
peat and a binder – the inhibition of solidification of the 
cement from the organic matter in the peat, and increased 
strength due to the hydration reaction of the cement.  

Hydration of cement usually occurs by the reaction of 
2CaO-SiO2, 3CaO-SiO2, 3CaO-Al2O3 and other substances 
with water.  As pores in the soil are filled with hydrogen 
products generated by this reaction, soil particles are bound 
and the strength is increased.  With peat, however, the pores 
are too large, and ordinary hydrogen products are too small 
to fill them.  Furthermore, progress of hydration is hindered 
by adsorption of certain kinds of organic substances, such 
as bitumen and humin acid, contained in peat to the surface 
of cement minerals (Okada and Shimoda, 1980).  Both 
organic substances were extracted from peat using the 
method shown in Fig. 2 (Noto and Shimaya, 1986,  Kutara 
et al, 1984).  The unconfined compressive strength of a 
specimen prepared by the blast furnace cement treatment of 
Kaolin clay mixed with bitumen extracted from peat is 
shown in Fig. 3 (Noto and Shimaya, 1986).  The 
unconfined compression strength decreased as the amount 
of bitumen increased, indicating the inhibition of 
solidification.  These substances are found in larger 
amounts in peats with higher water contents.  Based on the 
above results, the effect of the use of portland cement for 
peats with high water content was thought to be 
insignificant. 

The chemical compositions of blast furnace and 
special cements effective for peat are characterized by large 
amounts of sulfur trioxide (SO3) relative to portland cement, 
as shown in Table 1.  SO3 is contained in the form of 
hemihydrate gypsum (CaSO4-0.5H2O) or gypsum dihydrate 
(CaSO4-2H2O).  A typical reaction, in which a hydration 
product is produced through the binding of gypsum and a 
large amount of water, is shown below.  
 
3CaO-Al2O3-3CaSO4-32H2O       3CaO-Al2O3-3CaSO4 -
32H2O 
 
3CaO-Al2O3-3CaSO4-32H2O is a hydrogen product called 
ettringite.  It is characterized by large, needle-shaped 
crystals unlike ordinary hydrogen products.  It binds 
together with a large amount of water during its formation 
process, which lowers the water content of the soil.  It is 
thought that the increase in the strength of stabilized soil 

progresses with the entanglement of these needle-shaped 
crystals and peat.  This reaction is also unlikely to be 
hindered by organic substances in the soil. 
 
2.4 Criteria for selection of a binder 
It was stated in Section 2.2 that even special cements 
developed for use with organic soil was not effective for 
peats having high water content.  Also, it was presumed in 
Section 2.3 that this difference in stabilization effect was 

Grind

Soxhlet extraction 

Solution Residue

Bitumen
(48hr.-leaving, 4hr.-mixing)

Filtration

Solution Residue

0.5N-HCl (pH 2.0)

Centrifugation (3000rpm, 10min.)

Solution Residue

Humic acid

Drying (90deg.C., 24hr.)

Centrifugation (3000rpm, 10min.)

0.5N-NaOH 

Dried peat (50deg.C., 48hr.)

((C6H6:CH3OH (1:1))

Drying (50deg.C., 48hr.) Drying (90deg.C., 24hr.)

Figure 2  Procedure on extraction of organic 
substances from peat 

Figure 3  Inhibition of solidification case by 
bitumen contained in peat 
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closely related to the contents of certain components in 
binders.  In this section, criteria for selection of a binder 
effective for use with peat will be presented based on these 
two points.  

The content ratio of sulfur trioxide (SO3), aluminum 
oxide (Al2O3) and calcium oxide (CaO) in a binder was 
found by Eq. 2), and its relationship with the stabilization 
effect was clarified.  
 

SAC ratio = (SO3+ Al2O3)/CaO                        Eq. 2) 
 
The relationship between the SAC content ratio and qu 28 
of treated peat at curing time of 28 day is shown in Fig. 4.  
A clear correlation between the SAC ratio and stabilization 
effect was found, since qu 28 increased with the increase in 
the SAC ratio of each type of peat.  

As of 2004, the domestic price of the most effective 
special cement is almost three times as high as that of blast 
furnace cement in Japan.  Therefore, when applying the 
deep mixing method to peat, a selection method using Fig. 
4 for each water content and the necessary strength of peat, 
or a method using the SAC ratio as an index, is effective 
when selecting a binder.  In this case, it is also necessary to 
take into account the construction method, economic 

efficiency and other conditions.  
 
 
3  MECHANISM OF INCREASE IN STRENGTH 
As stated in Chapter 2, the relationship between the 
increase in strength of cement treated with peat and 
ettringite was found.  A detailed experiment was conducted 
to further clarify this relationship.  
 
3.1 Test conditions 
Peat from Teshio and organic clay from Mihara in 
Hokkaido were used for the test.  Engineering properties of 
these soils are shown in Table 3.  Mihara organic clay is not 

Figure 4  The relationship between SAC ratio of binders and unconfined compressive strength of treated 
peat at curing time of 28 days 

Properties Mihara organic clay Teshio peat
 Natural water content (%) 141 912

 Density of soil particles (g/cm3) 2.56 1.61
 Ignition loss (%) 15 85
 pH 5.3 4.7
 Bitumen content (%) 0.5 5.4
 Humic acid content (%) 89.0 47.6

SiO2 Al2O3 Fe2O3 CaO MgO SO3

 Blast furnace cement 4200 25.8 9.3 1.9 54.7 3.6 2.3 0.21
 Special cement X 4640 20.3 5.6 2.4 61.7 2.2 6.1 0.19
 Special cement Y 6360 23.2 9.1 1.7 50.2 3.2 11.1 0.40

Specific chemical composition (%)
SAC ratio

Surf. area in
Blaine (cm2/g)

 Binders

Table 4  Chemical composition of binders used 

Table 3  Engineering and chemical properties of 
soil tested 
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classified as peat, although it contains some humus.  Teshio 
peat is characterized by a high water content and ignition 
loss.  It also contains large amounts of bitumen, a substance 
that inhibit the solidification of binders.  

Three types of cement - blast furnace cement and two 
special cements, one with a high SAC ratio, and one with a 
low ratio - were used as binders (see Table 4).  Curing 
times of both 7 and 28 days were used.  Other test 
conditions were the same as those in Chapter 2.  
 

3.2 Results of the unconfined compression test 
The unconfined compressive strength after curing for 7 and 
28 days is shown in Figs. 5 and 6, respectively.  In the case 
of Mihara organic clay, the necessary strength mentioned in 
Chapter 2 was achieved at BC 20% for all binders.  In all 
cases, the strength increased with the BC ratio.  The 
strength after curing for 28 days was also 1.3 to 1.7 times as 
high as that after 7 days. 

A different tendency was observed, however, in 
Teshio peat, with its high water content.  In the cases of 
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Figure 5  Unconfined compressive strength of treated peat at curing time of 7 days 
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Figure 6  Unconfined compressive strength of treated peat at curing time of 28days 
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blast furnace cement and special cement X, the necessary 
strength could not be achieved even after 28 days of curing.  
Even in the case of special cement Y, which had a high 
SAC ratio and was expected to be effective, the strength 
was approximately 20 kN/m2 after 7 days of curing – far 
lower than the necessary strength.  After 28 days of curing, 
however, the strength increased dramatically, reaching the 
necessary strength.  
 
3.3 Analysis using X-ray diffraction and 
observations with an electronic microscope  
For a detailed examination of the formation of ettringite 
mentioned in Chapter 2, the analysis using X-ray diffraction 
and observations with an electronic microscope were 
conducted for specimens prepared under the same 
conditions as in the unconfined compression test.  The 
results of the X-ray diffraction analysis is shown in Fig. 7.  
In the figure, "Et" indicates ettringite.  

Formation of ettringite was not observed in blast 
furnace cement, with its low strength, while it was observed 
in special cement Y, with its high SAC ratio.  It was also 
clear that the peak after 28 days of curing was relatively 
large compared with that after 7 days of curing.  The 
tendency of the strength mentioned in the previous section 
and the formation conditions of ettringite corresponded to 

each other.  It was therefore confirmed that the formation of 
ettringite in stabilization of cement was closely related to 
the cement’s strength, and that the SAC ratio corresponds 
to the formation of ettringite.  

The result of observation with an electronic 
microscope (SEM) is shown in Photo 1.  Needle-shaped 
crystals of ettringite can be seen.  
 

(a) Curing time 7days using Blast furnace                         (b) Curing time 28ays using Blast furnace 

(c) Curing time 7days using Special cement Y                      (d) Curing time 28days using Special cement Y 
 

Figure 7  The results of analysis of X-ray diffraction of treated Teshio peat 
(“Et” indicates ettringite) 

Figure 8  SEM photo of treated Teshio peat using 
Special cement Y at curing of 28days 
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3.4 Results of the pore-size distribution test 
In this section, the relationship between the formation of 
ettringite and the filling of pores was examined.  It has 
already been reported that the condition of soil pores can be 
clarified by the pore-size distribution test (Washburn, 1921) 
using mercury intrusion porosimetry (Yamaguchi and 
Ikenaga, 1993).  This method has also been applied to 
cement-treated soil (Hayashi et al, 2004).  In this study, the 
pore-size distribution test using mercury intrusion 
porosimetry was conducted for specimens prepared by  
mixing Teshio peat and special cement Y under the same 
condition as that of the unconfined compression test.  

The results of the pore-size distribution test are shown 
in Fig.8.  Comparing the results after seven days of curing, 
when the strength was low, and after 28 days, when the 
strength increased, it can be seen that the pore-size 
distribution was decreasing.  After the same number of 
days of curing, the pore-size distribution was smaller for 
specimens with larger amounts of binders.  To further 
clarify this, the relationship between median of pore sizes 
and unconfined compressive strength is shown in Fig. 9.  
This value was smaller in the cases where strength was 
higher.  

The above results clearly indicate that the increase in 
strength of stabilized peat was caused by the formation of 
ettringite.  
 
 
4  CONCLUSIONS 
The unconfined compression test, observation with an 
electronic microscope, X-ray diffraction analysis and other 
examinations were conducted for peat stabilized with 
various types of binders, in order to clarify those binders 
suitable for the cement treatment of peat, criteria for their 
selection, and the mechanism of increases in strength.  As 
a result, the following matters were clarified:  
(1) For Yubarigawa peat, with a natural water content of 

approximately 700%, there were some cases where the 
necessary strength was not achieved with ordinary 
portland cement.  However, blast furnace cement and 
special cements for organic soil were found to be 
effective.  

(2) Blast furnace cement was not effective for Enbetsu peat, 
with its higher natural water content, approximately 
900%.  While some types of special cement were 
effective, others only achieved a low level comparable 
to that of blast furnace cement.   

(3) When binders with high contents of sulfur trioxide 
(SO3) and aluminum oxide (Al2O3) were used, the 
necessary strength could be achieved even for peats 
having a high water content.  

(4) It is advisable to use Fig. 4 and apply the SAC ratio 
(SO3+Al2O3)/CaO as an index for the selection of 
binders effective for peat.  

(5) When using a binder with a high SAC ratio, large 
amounts of a hydration product called ettringite are 
formed.  Higher strength is realized, as pores in the peat 
are filled with ettringite. 
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ABSTRACT: Consolidation effect in fresh state for cement-treated soil has been studied. This paper describes the 
consolidation characteristics of cement-treated clayey soil. As consolidation loading was delayed, the settlement strain 
became smaller but the consolidation yield stress became greater. As the drain distance was longer, the ultimate 
consolidation strain decreased and the time for 90% consolidation in the test were shorter than that of estimated. The 
consolidation in fresh state may be neglected if the cement-treatment is applied for thick clayey layer. 
 
1 INTRODUCTION 
Characteristics of soil treated with cement changes with 
curing term. The strength is evaluated after 7 or 28 days 
curing. In case of the laboratory test the sample is prepared 
and cured under atmospheric pressure. When deep mixing 
stabilizing method is performed, the treated ground is 
stressed corresponding to the depth from the surface. 
Triaxial compression test is conducted if the effect of stress 
on the strength should be investigated. Since the 
consolidation stress for triaxial test is applied after curing, 
the test may not include the effect of consolidation in fresh 
state.  

Effective overburden stress (σ’v) and void ratio (e) 
changes with curing term and it could be described as 
shown in Fig. 1. It is assumed that the cement treatment 
starts at (A) point. The consolidation stress is applied from 
the beginning at in situ ground but is applied at (E’) for the 
laboratory test sample. Therefore, the stress at in situ 
ground follows from (A) to (F) via (B), (C), (D) and (F), 
but the sample made in the laboratory and conducted 
triaxial test follows  (A) to (F) via (D’) and (E’). The 
cement-treated soil is so soft in fresh state, and the 
deformation property changes with curing. Therefore, the 
void ratio at the stress of (F) might not agree with each 
other. That is, the void ratio path of in situ ground may 
follows from (A) to (f) via (b), (c), (d) and (e), but it of 
laboratory test sample may follows from (A) to (f’) via (e’’).  
 To eliminate the stress history during curing between in 
situ and laboratory, some researchers have attempted to 
cure samples under stress. Cement-treated soil was cured in 
a triaxial cell under isotropic stress (Kobayashi and 
Tatsuoka, 1982; Consoli et al, 2000). The curing method 
has an advantage that compression test can be conducted 
subsequent to consolidation without releasing the stress. 
However, it is difficult to cure in the cell right after mixing 
the soil because it is too soft to stand itself. Geotechnical 
centrifuge was used to cure cement mixed soil (Ogishima el 
al., 1989). This is an ideal method to simulate real stress of 

the ground. However, segregation of the materials was 
observed. Mould type curing equipment with one 
dimensional loading has been widely used (e.g. Yamamoto 
el al., 2002). Consolidation stress can be loaded from outset, 
and shape for the sample can be controlled. 

 A lot of studies about the theme intend to investigate the 
strength after curing but most of them do not show 
consolidation behavior clearly. This paper describes the 
consolidation behavior of cement-treated clayey soil and 
shows the effect of the commencement time of loading, 
quantity of loading and drain distance. 
 
 
2 PREPARATION OF TREATED SOIL 
Soil for treatment was taken from seabed of the Kumamoto 
Port, Japan, and its geotechnical properties are shown in 
Table 1. The soil is classified as low-liquid-limit silt. Water 
was added to the soil to be 170% in water content, and then 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Effective overburden stress and void ratio 
changes during curing 
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cement slurry which water-cement ratio was 100% was 
mixed. The additional rate of the cement was 10% to dry 
soil in mass. 
 
 
 
 

3 ELAPSED TIME EFFECT ON CONSOLIDATION 
BEHAVIOR  

 
3.1 Testing method 
Treated soil was filled into a ring right after treatment and 
mounted to the standard consolidation test apparatus. The 
inside size of the ring was 60mm in diameter and 20mm 
high. One dimensional load was applied for 24hours and 
the drain distance was 10mm. Delay of loading and stresses 
for consolidation were shown in Table 2. Delay of loading 
means the period between the commencement of loading 
and beginning of cement addition into soil. Circles in the 
table show the cases conducted. The loading stress was 
constant for each case. The consolidation settlement was 
measured by dial gauge. 
 
3.2 Results and discussions 
Fig.2 shows the consolidation settlement curves of σv=19.6 
and 78.5 kPa, respectively. Elapsed time is clocked from 
the beginning of loading for consolidation. As loading was 
delayed, the consolidation strain became smaller for a 
consolidation stress. To describe the effect of consolidation 
stress and delay of loading clearly, the hydraulic 

Table 1 Soil properties 
Natural water content % 129.1 

Particle density  Mg/m3 2.587 
Wet density  Mg/m3 1.377 
Consintency Liquid limit % 75.4 

 Plastic limit % 39.4 
 Plastic index  36.0  

Ignition loss  % 10.28 
Texture Clay % 50.0  

 Silt % 47.8  
 Sand % 2.2  

 

Table 2 Consolidation condition 
loading stress (kPa)        Delay of loading 

(hours) 1.0 4.9 9.8 19.6 39.2 78.5 157.0 313.9 627.8 1256 
0.5  ○  ○  ○  ○  ○      

1 ○  ○  ○  ○  ○  ○      

2 ○  ○  ○  ○  ○  ○      

4 ○  ○  ○  ○  ○  ○  ○  ○  ○   

8   ○  ○  ○  ○  ○  ○    

24    ○  ○  ○  ○  ○  ○  ○  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) σv=19.6kPa                                                                   (b) σv=78.5kPa 
Fig.2 Consolidation curves 
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conductivity, elapsed time for 90% consolidation and e-log 
p relationship are shown in Figs. 3-5. 

Hydraulic conductivity and elapsed time for 90% 
consolidation were obtained by the Taylor’s method. 
Character p in the figures denotes the mean consolidation 
stress. Because consolidation test was conducted by one 
stage, p is calculated as σv/2. Data obtained from untreated 
soil with natural water content at initial is also plotted. 

 It is well known that hydraulic conductivity of clayey soil 
decreases as the void ratio decreases. The hydraulic 
conductivity of the untreated soil decreased as mean 
consolidation increased (dotted curve). Most hydraulic 

conductivities of cement-treated soil, which is located along 
the alternate long and short dash curve, were higher in one 
order and decreased as the consolidation stress increased. 
Considerable reasons of increased hydraulic conductivity 
are both that the soil was loosened in order to be slurry and 
a chemical reaction due to the cement. When the cement is 
mixed into high water content soil, soil particle is 
aggregated and forms flocks (Sogabe et al, 1996). The latter 
mechanism has been used to reduce volume quickly for 
high water content clay disposal (e.g .Sogabe et al., 1996). 
As the chemical reaction progresses, the hydraulic 
conductivity decrease because the free water in the mixture 

   
Delay (hour); □  0.5, ◇ 1, △ 2, ○ 4, ■ 8, ◆ 24 
     x: Untreated soil 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Hydraulic conductivity  
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Fig. 5 e-log p relationship 
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Fig.4 Elapsed time for 90% consolidation  
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Fig.6 Consolidation yield stress with delay of 
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is hydrated. 
  For the sample of longer delay of loading, hydraulic 
conductivity has a peak value against the mean 
consolidation stress. The stress at peak increased with delay 
of loading. This is related with the development of 
cementation and the detail is described later. 
  Elapsed time for 90% consolidation t90 is shorter 
compared with the untreated soil in particular when the 
consolidation stress is small, and is shorter for longer 
delayed sample. 
  Void ratio, e, and log scale consolidation stress, log p, 
relationships of the samples with different delay of loading 
are shown in Fig. 5. Void ratio of untreated soil and treated 
soil with short delay decreased steady against increase of 
consolidation stress. As delay of loading was longer, a clear 
consolidation yield stress can be seen. And the yield stress 
pc developed with delay of loading as shown in Fig.6. This 
is affected the proceeding of cementation. 
  The behavior that hydraulic conductivity showed a peak 
value can be discussed with the stress state comparing to 
consolidation yield stress. The cementation can be 
represented the consolidation yield stress. When the 
consolidation stress is larger than the consolidation yield 
stress or when the consolidation yield stress cannot be 
found, the treated soil behaves like normally consolidated 
clay. Therefore, the hydraulic conductivity is along the 
alternate long and short dash curve. When the stress is 
smaller than the yield stress, the soil behaves like 
overconsolidated clay and the hydraulic conductivity 
decreased with stress decreased. It is considered that the 
effect of cementation was appeared. 
 
 
 
 
 

4 DRAIN DISTANCE EFFECT ON THE 
CONSOLIDATION BEHAVIOR 

 
4.1 Testing method 
The characteristic of cement-treated soil dramatically 
changes with elapsed time in fresh state. Therefore, the 
physical property after consolidation may depend on the 
drain distance. Fig.7 shows the mold type consolidation 
apparatus used in the study. The apparatus can provide 
samples with different drain distance. The inside diameter 
of the mold is 60mm and the maximum height is 200mm. 
Drain is possible only from top and bottom of the mold. 

The treated soil pored into the mold was started for 
consolidation at 30min after mixing. The stress had been 
applied for 24 hours. The applied stress for consolidation 
was 19.6kPa.  
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Fig.7 Mold type consolidation apparatus 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8 Consolidation settlement curves 
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4.2 Results and discussions 
Fig.8 shows the settlement strain curves in consolidation. 
The initial heights of the cement-treated soil pored into the 
mold h0 were 40, 80 and 160mm. The curve of h0 =20mm 
were obtained by the standard consolidation test apparatus 
mentioned section 3. Ultimate settlement strain of h0 
=40mm agreed with that of h0 =20mm, but the strain 
decreased as the initial height was larger. As mentioned the 
above, consolidation characteristic changed with elapsed 
time due to the proceeding of cementation. According to 
the heat conduction type consolidation theory, time for 
reaching a degree of consolidation is commensurate to the 
square of drainage distance (low of H squared). Elapsed 
time of 90% consolidation of the experiment and the 
estimated time obtained by the low of H squared are shown 
in solid curve in Fig.9. The estimation is calculated based 
on the experimental data of h0=20mm. They agree for the 
sample of h0=40mm, but experiment data for h0=80 and 
160mm were very shorter than the estimation by the low of 
H squared. The consolidation is stunted by the proceeding 
of cementation. 

The samples after consolidation were sliced and their 
water contents were measured (see Fig.10).  Hence, water 
content of h0=20mm sample is a mean value. Water content 
of h0=40mm sample was uniform and agreed with 
h0=20mm sample. Water contents of h0=80mm sample and 
h0=160mm sample were lager than that of h0=20mm sample 
except the drain boundary. These results indicate that 
consolidation in fresh state can be neglected if the cement-
treatment is applied for thick clayey layer. 
 
 
5 CONCLUSIONS 
Consolidation behavior of cement-treated clayey soil in 
fresh state is studied. The specific conclusions are as 
follows: 
(1) As consolidation loading was delayed, the settlement 

strain became smaller but the consolidation yield 
stress became greater.  

(2) As the drain distance was longer, the ultimate 
consolidation strain decreased and the time for 90% 
consolidation were shorter than the estimated time by 
the low of H squared. 

(3) The consolidation in fresh state may be neglected if 
the cement-treatment is applied for thick clayey layer. 
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Fig.9 Difference of elapsed time for 90% 
consolidation between the low of H squared and 
experiment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.10 Water content distribution in the sample 
after consolidation 
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Strength Properties of Stabilised Peat
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ABSTRACT: Peat is a difficult soil to stabilise. Results from unconfined compression tests on specimens of stabilised Irish
moss peat are presented in this paper. Six different cementitious materials were added to the peat in order to study their
influence on strength and stiffness after stabilisation. All the mixes but one were cement-based. Other admixtures included
were blastfurnace slag, pulverised fuel ash, magnesium oxide, lime and gypsum. One mix contained blastfurnace slag,
gypsum and lime. In addition, scanning electron micrographs of the stabilised material are presented and discussed.

1 INTRODUCTION
The applicability of the soil mixing method to the
improvement of the engineering properties of soft deposits
has been shown to be a promising technique. Methods used
for improving peat and clay deposits are extensive.
However, an increase in the implementation of mass
stabilisation and deep soil mixing methods applied to
stabilise organic soils has proved to be an economical and
practical solution (Hampton and Edil, 1998; Åhnberg and
Holm, 1999; DGSSS, 2001; Jelisic and Leppänen, 2003;
Lambrechts et al, 2003; and McGinn and O’Rourke, 2003).
Earlier studies have reported that one of the difficulties in
applying these technologies to organic soils is that some
organic matter inhibits cementitious reactions responsible
for strength gain (Huttunen and Kujala, 1996 and Kujala et
al, 1996). Hence research into the stabilisation of organic
soils is of great interest.

Axelsson et al (2002) presented a study of the
stabilisation of mud and peat by adding different
cementitious materials like cement, ground granulated blast
furnace slag (ggbs), fly ash/pulverised fuel ash (pfa), fine
sand, and lime. They concluded that the addition of
different cements and admixtures to the soils varies
considerably in effectiveness. In mud, cement alone
provided the most effective agent of stabilisation while in
peat, mixtures of cement and ggbs gave the best
stabilisation. Furthermore, for stabilising peat, mixtures
containing, fly ash gave the worst result in almost every
case. In peat, lime gave poor stabilisation effectiveness.
Hebib and Farrell (1996) presented a study in which two
Irish peats were stabilised with cement, mixtures of cement-
pfa-lime, blast furnace slag (bfs), bfs-cement and bfs-
gypsum. They concluded that it is possible to stabilise
organic soils if enough stabilising material is added. In
addition, they reported that cement alone and the mixture of
slag (85%) and gypsum (15%) provided the highest
increase in unconfined compressive strength (UCS) in the
prepared mixtures. Mixes with pfa and lime on the other

hand were not effective. Also in 1996, Cortellazo and Cola
(1996) used two Italian peats which were stabilised with
cement, lime, pfa and gypsum. They again reported that
only large amounts of cement allowed a substantial increase
in the unconfined shear stress. On the other hand, in the
studies carried out for the EuroSoilStab Project (DGSSS,
2001), mixtures of different agents like lime-cement, bfs-
cement, pfa-cement, gypsum-cement, lime-gypsum-cement,
lime-pfa-cement, pfa-bfs-cement and gypsum-pfa-cement
were used for stabilising peat. In this report, the mixtures of
peat-cement and peat-cement-gypsum provided good
results, although the best result was that from peat-cement-
bfs. On the contrary, mixtures of peat-lime-cement and
peat-lime-cement-pfa were deficient in their stabilisation
performance. Finally, they concluded that the use of two
agents namely lime-gypsum-bfs and lime-gypsum-cement
provided the highest strength in the stabilised peat
specimens.

Hence, in order to increase our knowledge on the
stabilisation process of peat with different cementitious
agents, this paper presents the results of the UCS and
stiffness properties of stabilised peat treated with six
different cementitious agents; cement, cement-bfs, cement-
pfa, cement-pfa-lime, cement-pfa-MgO and lime-gypsum-
bfs. The unconfined compression test was used to evaluate
the strength of mechanically-mixed specimens. A quantity
of 250kg/m3 of agent was in all cases added to the soil.
Based on the results obtained, a comparison between the
behaviour of the six mixes is carried out in addition to the
effect of the water content of the peat using cement only
binder. Additionally, properties such as density and water
content are presented throughout the paper. Moreover, a
comparison between the UCS results estimated here and
those from earlier studies reported in the literature is
presented. Finally scaning electron microscopy results of
the mixes are presented and compared.
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2 PEAT AND CEMENTITIOUS MATERIALS

2.1 Peat
Moderately strong decomposed moss peat was used in this
study. This is typically mainly amorphous and is also
fibrous as a result of varying growth and degradation
processes. The classification was based on the Von Post
scale (Hartlén and Wolski, 1996) and is summarised in
Table 1.

Table 1. Classification of the Irish moss peat used.
Colour Brown-black

Degree of
humification

Moderately strong decomposition
(H6), indistinct plant structure,
considerable content of amorphous
material, about one third of peat
extruded when squeezed, presence
of fibres and roots residue more
resistant to decomposition

Water content B2, 210 % ± 20%
Main constituents Amorphous material
Sedge fibres F1, a low fibre content
Root threads R1, fine fibres
Wood remnants V (S), Sphagnum
Tensile strength T0, zero strength
Smell A2, moderate
Plasticity P0, not possible
Organic content N4, 94%
Natural density 294 (kg/m3)

2.2 Portland cement
Although several types of cement, from CEM I (Portland
cement) to CEM V (composite material), are available
commercially (BS EN 197-1, 2000), ordinary Portland
cement (OPC), now Portland cement (PC), is the most
commonly used for stabilisation. A description of the origin
and the reactions that cement produces as a binder in the
stabilisation process is given elsewhere (Neville, 1995; Al-
Tabbaa and Perera, 2003). Only PC was used in this study.

2.3 Blastfurnace slag
Blastfurnace slag (bfs) is obtained from the manufacture of
pig iron and contains silica, alumina and lime. There are
many types of slag mentioned in the literature, with little
attempt to distinguish between them. They are different
from pozzolans, in that the nature of the reactions and the
reaction products are different. 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
materials and Portland cements (Taylor, 1997). The
blastfurnace slag cement is similar to normal Portland
cement in its physical properties, except that the rate of
hardening is slower in the first 28 days. It is important to
mention that large quantities of slag in the cement render it
more resistant to chemical attack. Likewise, the presence of
excessive iron sulphide in slag may cause colour and
durability problems in concrete products. Under certain

conditions sulphide can be converted to sulphate, which is
undesirable from the standpoint of sulphate attack on
concrete. British specifications limit the content of acid
soluble SO3 and total sulphide sulphur in alga to 0.7% and
2%, respectively.

2.4 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. Pfa is the main
pozzolana currently used in the UK, either a 15-35%
Portland cement replacement in Portland pulverised-fuel
ash cement or as a 35-40% replacement in pozzolanic
cement with pfa as the pozzolan (St John et al, 1998). 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, but in a finely
divided form and in the presence of moisture will
chemically react with lime to form compounds possessing
cementitious properties (Neville and Brooks, 1993). Lime is
needed to promote the pozzolanic reactions. However, not
all types of pfa exhibit good pozzolanic properties. The
reactivity appears to depend upon the nature and proportion
of the glass phase present. 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. Although slow to harden, the hydration products
may be similar to those of PC (Taylor, 1997), indicating
pfa’s potential as a binder.

2.5 Magnesium oxide cement
The recent emergence of magnesium oxide cements (MgO
cements) (Pearce; 2002, Dyer, 2003) provides a unique
opportunity to develop durable high quality novel cement-
based materials. MgO cements use ‘reactive’ magnesia that
is manufactured at much lower temperatures than PC,
contains a large proportion of by-product pozzolans, is
more recyclable than PC and is expected to provide an
improved durability and to have a high propensity for
binding with waste materials. MgO cements are
fundamentally different and have a very different chemistry
from PC (Harrison, 2003). They are produced by mixing
‘reactive’ magnesium oxide (magnesia), from the calcining
of magnesite (magnesium carbonate), and a pozzolan in the
presence of a small quantity of hydraulic cement such as
PC.

The hydration of reactive magnesia occurs at the same
rate as that of PC and results in the formation of brucite
(magnesium hydroxide) which replaces the portlandite that
is deliberately consumed by the pozzolans. Brucite is much
less soluble than portlandite resulting in a lower
concentration of pore water hydroxide ions alleviating
alkali aggregate reaction problems and introducing greater
durability and a higher resistance to carbonation and
aggressive salt attack. Brucite maintains a pH of around
10.5-11 for much longer periods than portlandite, as it
carbonates much less rapidly. In conventional standards of
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Proportions Proportions water
Peat:grout Binders dry peat water added PC pfa bfs lime MgO gypsum

% % % % % % % % %
Peat-PC-210 1:1.7 11.9 25.1 31.5 31.5
Peat-PC-500 1:1.12 7.8 39.4 26.4 26.4
Peat-PC-1000 1:0.37 6.6 66.0 9.0 18

Peat-PC-500 1:1.12 7.8 39.4 26.4 26.4
Peat-PC-bfs 1:1.12 1:2 7.8 39.4 26.4 8.8 17.6
Peat-PC-pfa 1:1.12 1:1 7.8 39.4 26.4 13.2 13.2
Peat-PC-pfa-lime 1:1.12 3:6:1 7.8 39.4 26.4 8 15.6 2.8
Peat-PC-pfa-MgO 1:1.12 2:6:2 7.8 39.4 26.4 5.2 16 5.2
Peat-lime-gypsum-bfs 1:1.12 1:1:1 7.8 39.4 26.4 8.8 8.8 8.8

Admixtures
BindersPeat

practice, the presence of magnesia in PC is limited to a
small quantity because in the production of PC, the
presence of a magnesite impurity produces magnesia in the
form of periclase or ‘dead burnt magnesia’ which hydrates
slowly causing dimensional stress due to expansion
(Hewlett, 1998). In contrast, a reactive magnesia-based
cement can tolerate high levels of material impurities. In
addition, MgO cements are unlike magnesium salt or Sorel
type cements, which are known to release undesirable salts,
and are subject to phase changes to weaker forms. Hence
MgO-based cement is included in this work for comparison
with PC and to investigate its potential binding capability
and any other advantages over PC.

2.6 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. Hydrated lime, which is
generally available as a fine, dry powder, is produced as a
result of the reaction of quicklime with water. In this study
only hydrated lime was used.

2.7 Gypsum
Gypsum is the dihydrate of calcium sulphate CaSO4·2H2O
and occurs widely as a naturally occurring mineral.
Deposits of gypsum can be either pure or impure. In the
impure deposits it can be found with other mineral like
anhydrite, quartz, calcite, dolomite, clays, etc. Therefore,
gypsum is a very versatile material in cementitious
compositions. In the UK impure deposits are common.
Most quantities of gypsum are produced by flue gas
desulphurization at coal-fired power stations. By-product
gypsums are generally named after the chemical process
from which they have been obtained for example,
phosphogypsum from phosphoric acid manufacture,
fluorogypsum from hydrofluoric acid manufacture,
formogypsum from formic acid manufacture,
desulphogyspsum (or FGD-gypsum) from flue gas
desulophurization, etc (Bensted and Barnes, 2002). Two of
the main obstacles to a more widespread use of gypsum are
the variability in the composition of the product and the
presence of impurities, which affect the setting and strength
characteristics of cement. On the other hand, the gypsum in
the cement affects not only the setting time, but also the
strength development and the volume stability (Taylor,
1997).

3 EXPERIMENTAL WORK

3.1 Description
For each mix, cylindrical samples (50mm diameter x 100
high) were prepared in triplicate. Unconfined compression
tests were carried out on the stabilised specimens and the
unconfined compressive strength and the initial tangent
elastic modulus were obtained from the stress-strain curves.
After testing, samples from the stabilised materials were
subjected to microstructural examination using the scanning
electron microscope (SEM).

3.2 Admixtures proportions
Two sets of admixtures were designed as detailed in Table
2. The first was used to study the effect that the water
content of the peat has on the stabilisation process. For this
purpose two different water contents, in addition to the
natural water content were used. The natural water content
(210%) of the peat, with a 294kg/m3 density, was increased
to 500% and 1000%. Therefore, two new peaty soils with
densities of 446 kg/m3 and 1014kg/m3 were produced.
These values of density were used to estimate the
proportions of the mix to be added to the peat (see Table 2).
In this study only PC was used as the binder and one dry
binder quantity, of 250kg/m3, was added to the peat. This
was added in the form of a slurry at a water:solid ratio of
1:1 for the 210% and 500% water content peat and it was
reduced to 0.5:1 for the 1000% water content peat due to
the large water content already present. The soil to grout
ratio was 1:1.7, 1:1.12 and 1:0.37 for the 210%, 500% and
1000% water content peat respectively.

In the second set of mixes, the effect of different
binders on one peat was investigated. Hence in those
mixtures only the peat with a 500% water content was
stabilised. The quantity of cement in the mixtures with bfs,
pfa, pfa-lime and pfa-MgO varied from 5.2% to 13.2%. In
addition, a mixture of lime-gypsum-bfs with no PC was
also used as a binder. In those mixes a soil:grout ratio of
1:1.12 was used throughout. The ratios of the binder
constituents for each binder mix are given in Table 2 in
which six different binders, including PC alone, are
detailed.

3.3 Procedure
After mixing the peat and grout in a concrete-type mixer for
ten minutes, the mix was placed in split PVC moulds and
compacted in order to achieve uniform density.

Table 2. Proportions of the admixtures used.
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0 NM NM
28 NM 1376
60 NM NM
90 NM 1305

0 178 1308
28 155 1263
60 156 1275
90 145 1266

0 290 1335
28 209 1211
60 NM NM
90 206 1232

0 174 1611
28 162 1305
60 161 1262
90 147 1279

0 188 1573
28 175 1261
60 169 1245
90 161 1248

0 182 1575
28 170 1271
60 161 1242
90 152 1250

0 179 1569
28 167 1250
60 158 1234
90 155 1227

0 195 1600
28 172 1299
60 166 1254
90 164 1239

Density (kg/m3)Curing time wc (%)Admixtures

Peat-PC-pfa

Peat-PC-pfa-lime

Peat-PC-pfa-MgO

Peat-lime-gypsum-bfs

Peat-PC-210

Peat-PC-500

Peat-PC-1000

Peat-PC-bfs

Generally, the samples were compacted in five layers
of approximately 20mm high and the same compactness
effort applied to all. After the specimens were prepared,
they were placed on trays inside containers and cured at a
room temperature of around 21ºC and a relative humidity of
95%. All the specimens were permited to take up water
from the bottom and the top during storage. The samples
were cured for 28, 60 and 90 days before they were
extruded and trimmed for testing. Unconfined compression
tests were then conducted.

4 RESULTS

4.1 Water content and density
In order to evaluate the variation of water content and
density during the period of curing, these parameters were
measured at various time intervals. The water content was
measured using an oven temperature of 105oC. Table 3
shows the values obtained to each mix at four different
curing periods of 0 days (which represent the values of the
fresh mixture), 28, 60 and 90 days. The reduction in the
water content with curing period, being consumed during
the cementitious hydration processes, and hence the
reduction in density, is clear.

Also, it is clear that the main loss in the water content
occurs during the first 28 days, reflecting the time period
required for the majority of the hydration processes to take
place. In general a water content loss of 7% took place
during the first 28 days, followed by a 4% reduction from
28 to 60 days and only 2% reduction from 60 to 90 days.
Thus, a total loss of 13% moisture content occured during
the first 90 days of curing. Only in the peat with 1000% wc
–and cement only mixture, a 30% water content was lost
due mainly to the very high initial water content of the
material which was lost at an early stage after sample
preparation. In all cases a 19% reduction in density was
obtained during the first 28 days with only 1% subsequent
decrease from 28 to 90 days. A similar trend was reported
in the EuroSoilStab project (DGSSS, 2001).

4.2 Unconfined compressive strength (UCS)
Figure 1 shows the UCS results with an average margin of
error of ± 10%. All the results generally show an increase
of strength with time, although this change is minimal for
some of the mixes. From the results of the cement alone
binder it can firstly be seen that the natural water content
(wc) of the peat has an important effect on the UCS gained.
Peat with 210% wc achieved a strength of 988kPa at 90
days while peat with 500% wc and 1000% wc attained
851kPa and 308kPa strength respectively. Secondly, it is
clear that the cement alone binder is the best agent for
increasing the UCS of the peat although larger quantities of
cement are required to achieve a more consistent
stabilisation (Hernandez-Martinez and Al-Tabbaa, 2004).
Specimens containing peat with 210% wc and 1000% wc
were not prepared for testing at 60 days hence those results
are not available. The reduction in UCS obtained when PC
is partially replaced by the other binders for the 500% wc

peat was clear. The results of the lime-gypsum-bfs mix
(with no PC) are interesting in that although the UCS at 28
days was the lowest of all the mixes (at 45.5kPa), it then
rose to 635kPa at 90 days which is much higher than the
UCS produced by the other mixes with partial cement
replacement. This increase can be related to the slow rate of
hydration of bfs in comparison with the other binder
materials. Comparing the UCS values of the peat-PC-bfs,
peat-PC-pfa, peat-PC-pfa-lime and peat-PC-pfa-MgO, all
show a generally similar performance with the bfs and pfa
mixes resulting in a slightly higher UCS compared to the
other two.

Table 3. Water content and density values.

NM: Not measured

4.3 Stiffness
The initial unconfined tangent elastic modulus, E, was
evaluated from the UCS stress-strain curves, and the values
are presented in Figure 2. Similar to the UCS values,
mixtures with agent containing PC-bfs, PC-pfa, PC-pfa-
lime and PC-pfa-MgO had a much lower value of the
tangent elastic modulus, than those using both PC alone and
lime-gypsum-bfs binders. The initial tangent elastic
modulus for those mixes also remained generally
unchanged with time. The mixes with the PC alone and
lime-gypsum-bfs binders resulted in a generally much
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This study Pousette et al  (1996)
Moss Ballydermot bog Raheenmore bog Arvidsjaur Arlanda Örebro (1) Örebro (2)
Irish Irish (750-950%wc) Irish (1200-1400%wc) Sweden (570%wc) Sweden (442%wc) Sweden (1308%wc) Sweden (1413%wc)
kPa kPa kPa kPa kPa kPa kPa

Peat-PC-500 557 346
Peat-PC-1000 198 290 558 657 527
Peat-PC-bfs 199 293 223
Peat-PC-pfa 182 330 402
Peat-PC-pfa-lime 139 168

Admixtures

Hebib et al ( 1996) Axelsson et al  (2002)
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higher values for the tangent modulus, which generally
increased with time.

Figure 1. UCS values of the peat-binder mixes with
250kg/m3 quantity of different binders.

Figure 2. Initial unconfined tangent elastic modulus of
the peat-binder mixes using a 250kg/m3 quantity of

the different binders.

5 COMPARISON WITH EARLIER STUDIES
Peat is complex due to its nature and origin and hence it is
difficult to make comparisons with results from similar
works. Properties such as organic matter content, water
content and degree of decomposition play a significant role
in the stabilisation mechanism of peat. Therefore, a wide
range of tests would be needed in order to carry out a
detailed comparison. Here, only a simple comparison of
UCS results with previous results is therefore presented as
shown in Table 4. Data of four mixtures, peat-PC, peat-PC-
bfs, peat-PC-pfa and peat-PC-pfa-lime are compared.

All the mixtures have a quantity of binder of 250kg/m3

and were tested at 28 days of curing. Note that some of the
values from the literature presented here are for peats with
water contents of over 1000%, with distinct size specimens
and with different conditions of curing -e.g. stabilised
samples, 68 mm diameter and 136mm height, were
subjected to a pressure of 18 kPa approximately, Axelsson
et al (2002). The best agreement was found to be for the
peat-PC-bfs mixture. The value of UCS evaluated in this
study was 199kPa while those reported by Pousette et al
(1996) and Hebib et al (1996) are 223kPa and 293kPa,
respectively. The latter value is for a wc of 1200-1400%
which surprisingly gave a higher UCS than the other two
results at a wc of around 500%. The UCS value obtained in
this study for the cement alone binder and 1000% wc are
much lower than the other four values reported by others.

6 MICROSTRUCTURE
Scanning Electron Microscopy (SEM) is useful in
providing a better understanding of the hydration products
resulting from the application of different cementitious
binders and how they develop over time. They also provide
an indication of the porosity and degree of homogeneity of
the hydration products with the mix. Typical SEM
micrographs of all the mixes are presented below and
compared for both 28 and 90 days of curing. All are for wc
of 500% peat mixes. All the micrographs have a
magnification of 1000.

6.1 Peat
Figure 3 shows a micrograph of the peat studied. Generally,
one can observe the fibrous structures of the material. Also,
the presence of voids in the peat can be clearly observed.
This can be directly related to the high compressibility of
peats under the application of loads. Figure 4 presents an X-
ray spectrum obtained from an energy dispersive X-ray
microanalysis (EDX) using four selected points in the
sample in Figure 3 in order to examine the average
elemental composition of the peat. The results are presented
in Table 5, which shows that the peat mainly contains
carbon and oxygen with small quantities of silicon and
calcium.

6.2 Peat-PC mix
Figures 5 and 6 show the peat-cement mix after 28 and 90
days of curing, respectively. The former image shows the
main hydration product to be the minute needle-shaped
ettringite crystals (calcium sulphoaluminate). The
abundance of ettringite around the peat particles is also
clear.

Table 4. Comparison of UCS values with corresponding results from the literature.
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The limited development of the calcium silicate
hydrate (C-S-H) gel is clear in the peat-cement mix during
the early period of curing (Figure 5). An important
observation is the poor development of ettringite around the
small wood fibre shown inside the circle. This is evidence
of the influence of some organic matter on the enhancement
of strength. Figure 6, on the other hand, shows a more
dense area of mainly C-S-H gel although some crystals of
ettringite (inside the circle) are still visible

Figure 3. Typical SEM image of the peat studied also
showing the four points of EDX analysis in Figure 4

below.

Figure 4.  EDX spectra of a peat specimen.

6.3 Peat-PC-bfs mix
Figures 7 and 8 show SEM images of peat-PC-bfs mixes at
28 and 90 days respectively. These figures clearly show the
typical hydration products developed in presence of bfs i.e.
calcium sulphoaluminate (ettringite) and tobermorite-like
C-S-H phase. Figure 7, shows a relatively equal level of
ettringite and C-S-H. One can also observe the consistent

coating layer of C-S-H gel, although hollow regions are still
observed. Figure 8, shows a typical image at 90 days which
clearly shows the development of the C-S-H gel around the
peat particles. Figure 8b shows a particle of peat showing
an absence of any hydration products within its structure or
around it. This suggests a level of heterogeneity within the
pear-binder mixes and the problems with stabilising peat.

Table 5. Elemental composition analysis for the peat.
Element Average (%)

Carbon (C) 41.86
Oxygen (O) 51.51
Silicon (Si) 2.73
Calcium (Ca) 3.90

Figure 5. Typical peat-PC mix after 28 days of curing.

Figure 6. Typical peat-PC mix after 90 days of curing.

6.4 Peat-PC-pfa mix
It is well known that strength development in fly ash
concretes occurs at a slower rate than in Portland cement
concretes. Figures 9 and 10 show a peat-PC-pfa mix after
28 and 90 days of curing respectively. The presence of
partially reacted or unreacted pfa is readily identified in the
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SEM images by their distinctive spheroidal shape or even
relatively coarser hollow cenospheres. Some of these
unreacted cenospheres can be observed in the circled
regions in both images. In addition, the presence of needle
crystals of ettringite is clear. Similarly, the increased
presence of the C-S-H gel at 90 days compared to 28 days
is also clear. The lower level of presence of ettringite in
Figure 9 compared to Figure 5 and the less dense presence
of the C-S-H gel in Figure 10 compared to Figure 6 shows
the reduced level of hydration in the peat-PC-pfa mix
compared to the peat-PC mix.

Figure 7. Peat-PC-bfs mix after 28 days of curing.

Figure 8. Peat-PC-bfs mix after 90 days of curing.

6.5 Peat-PC-pfa-lime mix
Figures 11 and 12 show SEM images of peat-PC-pfa-lime
mixes at 28 and 90 days respectively. Although the
structure of the peat-PC-pfa-lime mix in the micrograph in
Figure 11 looks similar to that of the peat-PC-pfa in Figure
9, the needle growth of the ettringite in the PC-pfa-lime mix
is slightly smaller than that of PC-pfa mix.  The dominance
of the C-S-H gel at 90 days is clear in Figure 12 but is
much less dense than that of the peat-PC-pfa mix in Figure
10. Having said that there is less ettringite present in Figure
12 compared to Figure 10.

Figure 8b. A section of the peat-PC-bfs mix after 90
days of curing showing a particle of peat with no

hydration products around it.

Figure 9. Typical peat-PC-pfa mix after 28 days of
curing.

Figure 10. Typical peat-PC-pfa mix after 90 days of
curing.
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Figure 11. Typical peat-PC-pfa-lime mix after 28 days
of curing.

Figure 12. Typical peat-PC-pfa-lime mix after 90 days
of curing.

6.6 Peat-PC-pfa-MgO mix
The SEM images of the peat-PC-pfa-MgO mixture at 28
and 90 days are shown in Figures 13 and 14 respectively
which are clearly very different from the SEM micrographs
of the previous mixes. The rectangular-cube shaped crystals
in both figures are expected to be unreacted MgO. There
appears to be a low level of binding of the MgO with either
the pfa or the peat. This suggests that the poor gain in
strength observed is due to the lack of reaction between
binder constituents and the peat. Poor development of the
typical hydration products is seen in both figures. This is
also linked to the significant presence of voids. Several
spherical particles of partly unreacted pfa are also present in
the mix but this is expected due to the relatively high pfa
content in the mix. The small extent of hydration products
can be seen around the peat particles as shown in the circled
zones. This cement mix is a recent development and its
hydration processes and products are being investigated as
part of a separate project from which further information
will help explain the behaviour observed.

Figure 13. Peat-PC-pfa-MgO mix after 28 days of
curing.

Figure 14. Peat-Cement-pfa-mgo after 90 days of curing

Figure 14. Peat-PC-pfa-MgO after 90 days of curing.

6.7 Peat-lime-gypsum-bfs mix
Typical SEM micrographs of specimens of the peat-lime-
gypsum-bfs mix are shown in Figures 15 and 16 at 28 and
90 days of curing respectively. Both figures show a large
presence of plate-shaped calcium hydroxide crystals. In
some regions, C-S-H gel is also developed. Figure 16
shows the increased presence of C-S-H gel at 90 days. The
SEM micrographs of this mix show fewer voids and denser
zones in comparison with those shown in the previous
images of the other binder mixes with different partial
cement replacement which are directly correlated with the
high strength gain.

All the micrographs presented in this paper suggest
that the strength gain of the mixtures increased with time
due to two principal causes. Firstly, because of the growth
of hydration products such as needle-like ettringite crystals
in the voids and secondly, because of the development of
hydrated products such as C-S-H gel joining the particles of
the agents with the peat. On the contrary, two main causes
can be linked to the poor strength gain namely the deficient
development of the hydration products in the wood, or less

Peat
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decomposed, particles within the peat and the high porosity
observed in the peat-cementitious admixture mixes. A more
detailed microstructural investigation is currently being
carried out, which also include x-ray diffraction analysis, to
further understand the differences between the binder
mixes.

Figure 15. Peat-lime-gypsum-bfs after 28 days of
curing.

Figure 16. Peat-lime-gypsum-bfs mix after 90 days of
curing.

7 CONCLUSIONS

Results of water content, density, unconfined compressive
strength, undrained tangent elastic modulus and
microstructure of Irish moss peat stabilised with six
different cementitious binders were presented in this paper.
The loss of water content and associated reduction in
density in the specimens was observed in particular in the
early curing stages. This is linked to the consumption of
water in the hydration process. The different development
of strength and stiffness of the different binder mixes was
observed. Furthermore, the microstructure images helped to
better understand the relative hydration processes of the

mixtures over time and their linkage with the strength
development. In all cases the cement-alone binder gave the
highest UCS and highest elastic modulus values. The peat-
lime-gypsum-bfs mix generally provided better results than
the peat-PC-bfs, peat-PC-pfa and peat-PC-pfa-lime mixes
although the improvement was at the later periods of
curing. The peat-PC-pfa-MgO mix produced very difficult
hydration products and is the subject of detailed
investigation.  Finally, the UCS results presented here are in
good agreement with other results presented previously in
the literature although they are generally on the low side.
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ABSTRACT: Using piezoelectric transducers (bender elements) shear wave velocities were measured in cylindrical 
specimens of cement-stabilised kaolin clay that were also tested in unconfined compression.  A correlation was thus 
established between shear wave velocity and unconfined compressive strength which was valid for a range of initial water 
and cement contents of the stabilised soil and for a range of curing times.  This was done with two different mixing 
procedures and the resulting correlations were very similar.  Linear correlations were then derived between maximum shear 
modulus and unconfined compressive strength.  The experimental technique adopted was relatively simple and could readily 
be applied to natural clays to establish site-specific correlations.  These could potentially be used in conjunction with in situ 
seismic tests to monitor the effectiveness of stabilisation. 
 
 
1 INTRODUCTION 
Seismic testing of geomaterials to determine the shear wave 
velocity and hence the maximum shear modulus, Go, has 
become increasingly common over the last decade.  Quite 
apart from direct applications in earthquake engineering and 
soil dynamics, this development has taken place because 
knowledge of Go, when coupled with test data at larger 
strains, helps to define the non-linearity of the stress-strain 
behaviour which has an important influence in a wide range 
of engineering applications (e.g. Burland, 1989).  In 
addition, Go can be correlated with other soil properties, 
notably the undrained shear strength of clays (e.g. Larsson 
and Mulabdic, 1991). 

In triaxial tests, it is possible with special 
instrumentation to measure the stiffness of the specimen at 
very small strains and obtain essentially the same stiffness 
that would be obtained using seismic methods.  Tatsuoka 
and Shibuya (1992) showed data for a wide range of 
geomaterials relating the maximum Young’s modulus, Eo, 
and the maximum deviator stress in triaxial compression, 
qmax.  For artificially cemented sands, the value of Eo/qmax 
fell mainly in the range 1000 to 3000, corresponding 
roughly to a range of 300 to 1000 for Go/qmax.  Further data, 
for both artificially cemented sands and clays, were 
provided by Tatsuoka and Kohata (1995) and a similar 
range of values of Eo/qmax was reported.  The results did not 
appear sensitive to whether the tests were conducted under 
drained or undrained conditions.  Still more data were 
reported for a variety of stabilised soils from the Trans-
Tokyo Bay Highway project by Tatsuoka et al. (1996), 
extending the range of Eo/qmax from about 500 to 3000.  
However, some of the lower values may have been 
influenced by sampling disturbance.  Significantly, 
Tatsuoka et al. found that Eo/qmax was reasonably constant 
for a given type of cement-treated soil if conditions, 
including the curing time, were kept similar. 

On the basis of the work outlined above, there is 
clearly potential to use seismic methods to assess, by non-
destructive means, the strength of stabilised soil.  One 
important benefit of seismic methods is that they can readily 
be used to assess the gain of soil strength with time (e.g.  

 
Larsson and Mattson, 2003).  This could be useful both in 
monitoring the effectiveness of soil stabilisation in the field 
and in investigating suitable design mixes in the laboratory.  
For stabilised clays, the value of Go/qmax might be expected 
to lie somewhere in the range 200 to 1000, but it would be 
necessary to establish the relevant value of  Go/qmax more 
precisely before seismic methods could be used on a 
particular project.   

In this paper, a method of investigating the relationship 
between Go and qmax is described and results for 
reconstituted kaolin clay stabilised with cement are 
presented.  Go was determined by measuring the shear wave 
velocity using piezoelectric transducers (bender elements) 
installed in cylindrical specimens of the stabilised soil.  
These same specimens were subjected to unconfined 
compression tests to determine qmax. 

The development of suitable methods for measuring 
the shear wave velocity in stabilised soil columns is beyond 
the scope of the present paper. However research into such 
methods is currently underway (Mattsson, 2004). 
 
 
2 EXPERIMENTAL METHODS 
 
2.1 Specimen preparation 
The kaolin used in the research was supplied in powdered 
form and had a liquid limit of 61 %, a plastic limit of 31 % 
and a specific gravity of 2.60.  The required amounts of 
oven-dried kaolin powder and ordinary Portland cement, 
conforming to BS EN 197-1: CEM 1 42.5N (British 
Standards Institution, 2000), were weighed out and placed 
in a food mixer.  In the main series of experiments the 
powders were blended together before a pre-determined 
amount of water was added and the mixture was stirred by 
the machine for approximately 2 minutes.  However, in a 
preliminary series, the powders were not blended before the 
water was added.  On completion of this initial mixing, the 
materials were scraped by hand off the paddles and the base 
of the bowl. The mixing process was then resumed for 
another 2 minutes.  
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The mixture was then transferred to a split mould, 38 
mm in diameter and 76 mm in length, in 4 layers, each of 
which was tamped with a miniature compaction tool.  After 
compaction, the collar of the mould was removed and the 
surface of the specimen was trimmed off. The specimen was 
weighed with the mould to allow calculation of the bulk 
density. 

Next, small Perspex blocks were inserted into the top 
and bottom surfaces to form slots, 12 mm x 3 mm x 7 mm 
deep, for insertion of the bender elements.  The Perspex 
blocks remained in place during curing of the specimen.  
Finally, the specimen was removed from the mould, 
wrapped in cling film and cured in a moist atmosphere at a 
room temperature of 20oC.  

The specimens were prepared with a variety of water 
and cement contents: water contents, defined as mass of 
water divided by mass of kaolin, of 42, 46, 50 and 57 %; 
cement contents, defined as mass of cement divided by 
mass of kaolin, of 1.5, 3, 6 and 9 %.  Various curing periods 
were also allowed: 3, 7, 14 and 28 days.  In the main test 
series a total of 128 specimens was made and tested, so that 
2 specimens were prepared for each combination of 
parameters.  This allowed the repeatability of the specimen 
formation and testing methods to be checked. 

 
2.2 Fabrication of bender element (BE) probes 
Techniques of shear wave velocity measurement in soil 
specimens using BEs are well established and suitable BE 
probes are commercially available.  However, for the 
present research BE probes were manufactured in-house. 

Figure 1 shows a schematic diagram of a fabricated BE 
probe.  From a sheet of piezo-ceramic, bimorph PZT-5A 
(Morgan Electro Ceramics), an element measuring 10 mm x 
16 mm x 0.5 mm thick was cut with a diamond wheel 
cutter.  A shielded twin core coaxial cable was then 
soldered onto the ceramic, keeping the temperature below 
300oC to avoid depolarisation (the Curie temperature for the 
material is approximately 330oC).  A same-sense polarised 
ceramic, appropriately wired, was used for the transmitter 
and an opposite-sense polarised one for the receiver (Lings 
and Greening, 2001).   

Using an alloy mould, a layer of epoxy resin (Araldite 
MY753 and HY951) about 0.5 mm thick was cast around 
the BE.  After removal from the mould, the encapsulated 
BE was then potted in a brass cup, 20 mm in diameter and 
20 mm deep, with the same resin so that a length of 7 mm 
protruded from the resin.  The resin was left to harden at 
room temperature for 24 hours. Figure 2 shows a pair of 
probes, one of which was mounted in a circular Perspex 
disk (labelled “base”). 
 
 
2.3 Bender element tests 
After the curing period, the cling film was removed from 
the test specimen and the Perspex blocks were removed 
from its ends.  The resulting slots were filled with 
Plasticene to provide a coupling between the BEs and the 
soil.  The specimen was then placed on the Perspex base so 
that the transmitting BE (labelled B in Figure 2) engaged 

the slot at the bottom end, and the receiving BE (labelled A) 
was pushed into the slot at the top end of the specimen. 

Shear waves in the tests were generated by applying a 
single sine wave voltage pulse to the transmitting BE.  This 
was achieved with 2 function generators (Continental 
Specialities Corporation Type 4001 and Thandor TG503, 
the latter being triggered by the first).  The peak to peak 
amplitude of the input signal was 20 V and various 
frequencies were employed, ranging between 7 and 15 kHz.    
The output voltage produced by the receiving BE was 
amplified and both the input and received signals were 
captured on an oscilloscope (Tektronix TDS3012B).  In 
most cases, signals from 256 successive pulses were 
averaged to reduce the effects of electrical noise. 
 
2.4 Unconfined compressive strength tests 
On completion of the BE test, and after the BEs had been 
removed from the specimen, the unconfined compressive 
strength of the specimen (= qmax) was immediately 
measured with a conventional triaxial testing machine, in 
accordance with BS 1377, Section 7.2 (British Standards 
Institution, 1990).  The strain rate was 2 %/min. 

A B 

Base 

Figure 2:  Photograph of BE probes. 

Figure 1:  Schematic diagram of BE probe. 
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3 EXPERIMENTAL RESULTS 
 
3.1 Interpretation of bender element tests  
A typical BE test result is shown in Figure 3. The 
difficulties of determining the arrival time of the shear wave 
from such records are well known (e.g. Arroyo et al., 2003).  
In the present work, dispersion effects, including near field 
effects, were evident to varying degrees.  However, it was 
still possible to identify an arrival time based on the start of 
the first major peak in the received signal (see Figure 3). 
 

 
 
Knowing the travel time and distance, the shear wave 

velocity, vs, could be determined.  The length of the travel 
path was taken as the distance between the tips of the 
bender elements in the specimen.  Assuming the medium 
through which the shear waves propagate to be isotropic 
and elastic, the maximum shear modulus is given by 

 
Go = ρvs

2
      (1) 

 
where ρ is the bulk density of the medium.  It was assumed 
that the bulk density at the time of testing was the same as  
that of the fresh specimen.   

 

In each test, signals with frequencies of 7, 9, 12 and 15 
kHz were employed and the results were averaged.  Typical 
variations of shear wave velocity with frequency are 
illustrated in Figure 4 and within the range 7-15 kHz are 
reasonably constant.  Higher frequencies were not employed 
because the received signal amplitude reduced; lower 
frequencies would have risked greater near field effects. 

 
3.2 Preliminary test series results  
The relationship between qmax and vs obtained from the 
preliminary test series is given in Figure 5.  Assuming that 
ρ = 1.71 Μg/m3 (the average measured value), the 
correlation shown corresponds to the relationship between 
qmax and Go obtained by linear regression in Figure 6:    
 

qmax = (1.30x10-3) Go                (2) 
 

 
3.3  Main test series results  
The corresponding relationships obtained from the main test 
series are illustrated in Figures 7 and 8.  Two possible 
correlations are shown in each figure.  The linear regression 
line shown in Figure 8 is almost identical to that for the 
preliminary test series, giving 
 

qmax = (1.29x10-3) Go         (3) 
 
However, a mildly non-linear correlation fits the data a little 
better:   
 

qmax = (6.00x10-10) Go
2 + (9.83x10-4) Go     (4) 

The corresponding correlations between qmax and vs in 
Figure 7 assume ρ = 1.70 Μg/m3 (the average measured 
value). 
 
 
4 DISCUSSION 
Comparing Figures 6 and 8, it can be seen that the strengths 
and stiffnesses measured in the main test series extended 
over a significantly larger range than those measured in the 
preliminary series.  This is attributed to the difference in the 
mixing procedure during specimen preparation.  Mixing the 
clay and cement powders before adding water in the main 
test series ensured a more even distribution and more 
efficient use of cement.  Thus, for a given specimen 
composition and curing period, a higher strength and 
stiffness were measured. 

Figure 9 shows comparisons between the results of 
tests on specimen pairs in the main test series, where the 
specimens in each pair had the same composition and 
curing period.   The results of the BE test appear to have 
been repeatable to within about 20% and those of the 
unconfined compressive strength test to within about 25%.  
These variations, in combination, would be sufficient to 
explain the observed scatter of the data about the 
correlations shown in Figures 7 and 8. In terms of axial 
strain at failure, the results of the unconfined compressive 
strength tests showed significantly less repeatability than is 
observed   for   strength   in   Figure  9a.   The  failure  strain  
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Figure 3:  Typical bender element test result. 

Figure 4: Typical variations of shear wave 
                  velocity with frequency. 
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Figure 5: Relationship between unconfined compressive strength (qmax) and shear 
                    wave velocity (vs) in preliminary test series. 
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Figure 6: Relationship between unconfined compressive strength (qmax) and  
                    maximum shear modulus (Go) in preliminary test series. 
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Figure 7: Relationship between unconfined compressive strength (qmax) and shear 
                  wave velocity (vs) in main test series. 
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Figure 8: Relationship between unconfined compressive strength (qmax) and shear 
                 maximum shear modulus (Go) in main test series. 
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generally ranged between 0.5% and 2.5% but occasionally 
values as high as 6% were recorded.  The failure strain 
showed no correlation with strength, although the 
occasional higher values were always associated with 
relatively low strengths (qmax < 100 kPa). 

The linear correlation in Figure 8 appears to 
systematically overpredict the strength at lower stiffnesses 
and underpredict it at higher stiffnesses.  Hence, the non-
linear correlation performs slightly better.  However, it is 
uncertain whether the apparent non-linearity represents a 
fundamental behaviour pattern or whether it is a 
consequence of experimental technique.  In the lower range 
of qmax or Go (qmax < 500 kPa or Go < 400 MPa), which is 
probably of greatest practical interest, a linear correlation 
would be adequate.  The slope of a linear regression line 
fitted to the data of Figure 8 in this lower range would be 

approximately 13% lower than the line shown (defined by 
Equation 3). 

The Go/qmax values defined by Equations 2 and 3 are 769 
and 775 repectively.  These values lie in the upper part of 
the expected range, based on previous research (described 
in the paper’s introduction).  However, it is possible that 
interpreting the bender element signals in the time domain, 
as in Figure 3, led to an overestimate of Go (Greening and 
Nash, 2004).  The present work is currently being extended 
to investigate whether the values of Go/qmax for stabilised 
natural clays are similar to those for the reconstituted 
kaolin. 
 
5 CONCLUSION 

A method of establishing a correlation between 
unconfined compressive strength and shear wave velocity 
or maximum shear modulus for stabilised clay has been 
developed.  The method involves only minor adaptation of 
standard or widely used measurement techniques and 
could readily be applied on construction projects There it 
could be used in conjunction with in situ seismic tests to 
monitor the effectiveness of stabilisation, once suitable 
seismic test techniques have been developed. 

For cement-stabilised kaolin, a strong linear 
correlation between unconfined compressive strength and 
maximum shear modulus was obtained for unconfined 
compressive strength values of up to 500 kPa.   This 
relationship was slightly influenced by the mixing 
technique adopted during specimen preparation.  Further 
research is in progress to extend the findings to naturally 
occurring clays.  
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ABSTRACT: During feasibility studies for a deep mixing project in Virginia, laboratory prepared specimens of lime-
cement-soil mixtures from two different laboratories produced very different strengths.  Also, incorporation of lime in soil-
cement mixtures produced a dramatic decrease in strength.  Subsequent laboratory testing of three organic soils disclosed 
that drying and re-wetting soils prior to mixing can decrease mixture strength, and it confirmed that lime can reduce mixture 
strength for some soils.  For cement-soil mixtures without lime, strength decreases with increasing water-to-cement ratio. 
 
 
1 INTRODUCTION 
As part of the Woodrow Wilson Bridge Replacement 
Project, an existing 6-lane bridge across the Potomac River 
will be replaced with a new 12-lane bridge, which will 
require significant realignment and widening of the 
approach interchanges.  On the Virginia side, the 
interchange between I-95 and US Route 1 shown in Figure 
1 will be reconstructed in an area underlain by alluvial 
deposits of very soft and highly compressible organic silts 
and clays.  New embankments will be constructed to widen 
existing embankments, which are approximately 3 m high.  
Significant primary and secondary consolidation 
settlements on the order of 0.6 to 1.5 m were predicted 
beneath the new embankments (Shiells et al. 2003).  In 
some areas, short-term embankment stability was a primary 
concern.  Project requirements included maintaining traffic 
flow and meeting a tight construction schedule. 
 To address these challenges, the “wet” and “dry” 
methods of deep mixing were considered for support of the 
new embankments (Lambrechts et al. 2003, Shiells et al. 
2003).  In the wet method of deep mixing, water-cement 

slurry is mixed with the soil.  In the dry method of deep 
mixing, dry lime, dry cement, or a combination of dry lime 
and dry cement is mixed with the soil.  Deep mixing 
methods are described by Porbaha (1998), CDIT (2002), 
EuroSoilStab (2002), Broms (2003), Bruce and Bruce 
(2003), and many others.  Because this was the first large 
project of its type in the mid-Atlantic region and the first 
use of deep mixing by the Virginia Department of 
Transportation (VDOT), laboratory mix design studies, 
field trials, and construction and monitoring of a test 
embankment were performed. 
 Laboratory tests applicable to the dry method were 
performed by two different engineering consulting firms, 
which are referred to as Firm A and Firm B in this paper, 
and the results were quite different.  The example data 
shown in Figure 2 indicate a four-fold difference in 28-day 
strength for cement-soil mixtures with the same nominal 
dose rate. 
 Laboratory testing also disclosed a surprising impact 
of lime, as shown in Figure 3, where it can be seen that 
replacing a small amount of cement with lime produces a  

Figure 1.  I-95/Route 1 Interchange Figure 2.  Test Results from Two Laboratories
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drastic reduction in mixture strength.  The test results in 
Figure 3 were all generated by Firm A. 
 The Virginia Transportation Research Council 
(VTRC) sponsored a research project to investigate these 
issues and develop a standardized laboratory test procedure 
that can be used on future dry-mixing projects.  This paper 
describes the test procedure and presents results for the I-
95/Route 1 soil, and also for two soils from the site of a 
possible future deep mixing project at Virginia State Route 
33 in West Point, Virginia.   
 
 
2 TEST PROCEDURE 
A laboratory procedure was developed for preparing, 
curing, and testing lime-cement-soil specimens applicable 
to the dry method of deep mixing.  This procedure is for 
fine-grained soils, both inorganic and organic, but not for 
peats.  The procedure is very similar to that presented by 
Carlsten and Ekstrom (1995), although the procedures 
described by Haley & Aldrich (2001), URS (2000), and 
Sehn (2001) were also consulted to develop a detailed, 35-
step procedure that covers soil storage, soil preparation, 
lime and cement preparation, soil and stabilizer mixing, 
placing the mixture in molds, curing, specimen extraction, 
unconfined compression testing, and data reduction.  The 
details of the recommended laboratory procedure are 
presented in Jacobson et al. (2003), and several critical 
aspects are discussed in the following paragraphs. 
 During this research, it was found that drying a soil 
and re-hydrating it prior to mixing can have a dramatic 
impact on mixture strength for some soils.  Consequently, 
as soon as it is obtained, the soil should be wrapped in 
plastic, sealed in wax, or stored in sealed plastic bags with 
as much air removed as possible, and the sealed soil 
samples should be stored in a humid room. 
 The definition of dose rate used in this research is the 
weight of stabilizer added per initial in-situ volume of soil 
to be treated, expressed in kg/m3 units.  This definition, 
which is used by Carlsten and Ekstrom (1995) and others, is 
in contrast to defining the dose rate as the weight of 
stabilizer added per total volume of treated mixture.  The 
latter definition requires more stabilizer to achieve the same 
nominal dose rate. 

 A relatively high level of laboratory mixing energy 
was applied to the lime-cement-soil mixtures.  This was 
produced by mixing each batch for 3 to 5 minutes in a 
kitchen dough mixer.  By employing a high level of mixing 
energy in the laboratory, a baseline is established, to which 
field mixing can be compared, rather than attempting to 
simulate field mixing in the laboratory.  During design 
phase testing, it is not known how much mixing energy the 
contractor will employ in the field.  For materials that are 
especially sensitive to mixing energy, laboratory testing in a 
region of low mixing energy is likely to increase scatter in 
the test results, and this may make interpretation of test 
results more difficult.  Nevertheless, it may be useful in 
some circumstances to prepare several laboratory batches 
using the same mix proportions but varying the mixing 
times and/or mixing rates to investigate the influence of 
mixing energy on strength for the soils from a particular 
project site. 
 The mixture was placed into 50 mm diameter by 100 
mm tall plastic molds in four lifts.  Each lift was rodded 
into place using a 5 mm diameter brass rod to help 
eliminate air pockets and to knit the lifts together.  Each lift 
was also pressed into place using a 48 mm diameter piston 
with a pressure that did not cause extrusion and that did not 
exceed 100 kPa, which is the compaction pressure used by 
Carlsten and Ekstrom (1995). 
 Eight specimens were prepared for each batch, and 
most of the batches were cured in a humid room at room 
temperature (about 20°C) with sufficient space between 
specimens to permit air flow between specimens.  For 
studies of the influence of curing temperature, the plastic 
molds with their water-tight plastic caps in place were 
submerged in a temperature-controlled water bath. 
 After curing and removing the specimens from the 
molds, the ends of the specimens can be trimmed using a 
miter box and a suitable trimming tool if necessary to make 
the ends planar and parallel. 
 Unconfined compression tests were performed in 
accordance with ASTM D2166. 
 The unconfined compression strength data from a 
single batch were plotted versus curing time, and a trend 
line of the following form was fitted to the data: 
 

( )00 ln tt mqq uu −⋅+=  (1) 
 
where qu = unconfined compressive strength, t = curing 
time, and qu0, m, and t0 are regression coefficients.  The 
value from the trend line is preferred to the simple average 
of strength values at a particular curing time because the 
trend line takes into account the results from all the tests.  
The trend line is useful for interpolation, but it is not 
considered reliable for extrapolation beyond the curing 
times covered by the data. 
 The trend-line strengths corresponding to 28-day 
curing periods from several batches were used to develop 
contour plots, as presented below for soils from the I-
95/Route 1 and the Route 33 sites. 
 
 

Figure 3.  Impact of Lime on Mixture Strength
Curing Time (days)
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3 RESULTS FOR I-95/ROUTE 1 SOIL 
 
3.1 Soil Characteristics 
Bulk samples of the I-95/Route 1 soil were obtained from 3 
to 4.6 m below the ground surface.  Important 
characteristics of the soil are listed in Table 1, which 
indicates that this soil is an organic silt, with about 6 
percent organic material by dry weight, a water content of 
about 67 percent, and a liquid limit of about 69. 
 Table 1 also includes data on the mineralogical 
composition of the clay fraction (i.e., particles less than 2 
micrometers).  Mineralogical analysis consisted of x-ray 
diffraction and thermal analysis.  Pretreatment of the whole 
sample for mineralogical analysis included removal of 
organic matter with 30% H2O2 buffered at a pH of 5 with 1 
M NaOAc (Kunze 1965).  Sand was separated by retention 
on a #300 mesh wet sieve.  The suspension passing through 
the sieve included the silt and clay fractions, which were 
separated by centrifugation and decantation using 1 M 
Na2CO3 (pH 9.5) as a dispersant.  X-ray diffraction was 
used to determine clay-mineral suites present by analyzing 
oriented, magnesium-saturated, glycerol-solvated samples 
both with no heat treatment and after 4 hours of heating at 
110°C.  A similar analysis was performed on potassium-
saturated samples both with no heat treatment and after 
heating for 4 hours at 110, 300, and 550°C.  Samples were 
scanned at a fixed counting time of 4 seconds at 0.075° of 
2θ per step using CuKα radiation (20 mA, 40 kV).  Mineral 
quantities were estimated as integrated intensities of their 
respective x-ray diffraction peaks.  Sub-samples of the 

potassium-saturated clay fractions were also analyzed by 
thermogravimetric analyses.  Samples were heated from 50 
to 1000°C in a nitrogen atmosphere at a rate of 20°C per 
minute.  Kaolinite and gibbsite quantities were verified by 
mass-equivalent calibration of weight loss using poorly 
crystalline Georgia kaolinite and Reynolds synthetic 
gibbsite as standards. 
 The results of the mineralogical analyses show that the 
clay fraction of the I-95/Route 1 soil is dominated by 
montmorillonite, with some kaolinite, vermiculite, mica, 
and chlorite present. 
 
3.2 Influence of Lime Type, Cement Type, Curing 

Temperature, and Soil Water Content on 
Mixture Strength 

For the I-95/Route 1 soil, a total of 23 batches of lime-
cement-soil mixtures were prepared, cured, and tested using 
the procedures described above to investigate the influence 
of various factors on mixture strength.  Comparison of the 
28-day strengths from the initial batches showed that (1) 
hydrated lime produced about the same results as quick 
lime, (2) Type I/II portland cement produced about the 
same results as Type II portland cement, (3) the mixture 
strength increased as curing temperature increased, and (4) 
the mixture strength decreased as the water content of the 
soil increased.  Subsequent batches were mixed using quick 
lime and Type I/II portland cement, with an initial soil 
moisture content equal to the average natural water content 
of 67 percent.  For routine testing, specimens were cured at 
room temperature (about 20°C). 

 
 

 
 

Table 1.  Soil Characteristics 
 

State Route 33  
Item 

 
Test Procedure 

 
I-95/Route 1 Zone 1 Zone 2 

USCS Classification ASTM D2488 OH OH OH 
USCS Name ASTM D2488 Organic Silt Organic Silt Organic Silt 
Liquid Limit ASTM D4318 69 109 209 
Plastic Limit ASTM D4318 38 52 129 
Plastic Index ASTM D4318 31 57 80 
Natural Water Content (%) ASTM D2216 67 92 120 
Organic Content (%) ASTM D2974 6 7 15 
Clay Fraction (%) ASTM D422 38 65 52 
Specific Gravity of Solids ASTM D854 2.65 2.60 2.60 
pH ASTM D4972 6.6 4.8 3.7 
Sulfate Content (mg/kg) AASHTO T290 730 10,000 10,400 
Composition of Clay Fraction    
 Montmorillonite 55 55 60 
 Kaolinite 15 20 20 
 Vermiculite 15 15 3 
 Mica 10 10 15 
 Chlorite 

See Text 

5 0 2 
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Figure 4.  Effect of Drying on Mixture Strength 

 
3.3 Influence of Soil Drying and Re-wetting on 

Mixture Strength 
Because one of the private engineering firms whose test 
results are shown in Figure 2 allowed its samples to air dry, 
and then added water back to the soil before mixing with 
lime and/or cement, the influence of drying was studied in 
this research.  The results are shown in Figure 4, where it 
can be seen that drying and restoring the natural water 
content prior to mixing reduces the mixture strength.  The 
effect is more pronounced for oven drying than air drying. 
 Figure 4 also shows that drying and water content 
restoration decreases the plastic index and the pH of the 
soil.  In an attempt to determine if one of these factors 
correlated more strongly with the drop in mixture strength, 
samples of dried and re-wetted soil were restored to a pH of 
about 7 by adding small amounts of calcium hydroxide.  It 
was found that pH restoration did not affect the Atterberg 
limits values or the mixture strengths.  That is, the 
Atterberg limits values and mixture strengths of the dried 
and re-wetted soils were about the same regardless of 
whether pH was restored.  These results suggest that the 
drop in pH was not the sole cause of the decrease in 
mixture strength. 
 It is known, however, that drying can cause organics in 
soils to become more soluble (e.g., Borken et al. 1999).  It 
is also known that organics can interfere with cementitious 
reactions in soil (e.g., Laguros and Davidson 1963).  
Consequently, one possible explanation for the results in 
Figure 4 is that drying made the organics more soluble and 
more dispersed throughout the mixture, and therefore more 
able to interfere with cementation. 
 
3.4 Influence of Dose Rate and Lime-to-Cement 

Ratio on Mixture Strength 
Batches of lime, cement, and soil were prepared at dose 
rates of 100, 150, 200, and 250 kg/m3 and lime-to-cement 
ratios of 100:0, 50:50, 25:75, and 0:100.  Twelve of the 
sixteen possible combinations were evaluated to disclose 
the influence of dose rate and lime-to-cement ratio on 
mixture strength. 
 Often, strength test results are presented in terms of 
strength as a function of curing time, as in Figures 2 

through 4 in this paper.  However, when the mix 
proportions include several variations in dose rate and lime-
to-cement ratio, it can be difficult to identify all the 
important trends from multiple plots of strength versus 
curing time.  An alternate approach is to use contour plots 
of strength as a function of cement dose rate and lime dose 
rate, as shown in Figure 5.  The strength data used to 
generate the contour plot in Figure 5 was obtained from the 
best-fit trend lines (Eqn. 1) evaluated at 28-day cure times 
for each of the twelve batches.  Each contour line provides 
combinations of lime and cement that produce the strength 
of that contour line.  Thus, it can be seen that a cement dose 
rate of 150 kg/m3 combined with a lime dose rate of 50 
kg/m3 produces a 28-day unconfined compressive strength 
of about 300 kPa for the I-95/Route 1 soil.  These 
component dose rates correspond to a total dose rate of 200 
kg/m3 and a lime-to-cement ratio of 25:75.  The total dose 
rate is simply the sum of the component dose rates when 
dose rate is defined in terms of weight of stabilizer per unit 
volume of untreated soil. 
 The influence of curing time on mixture strength can 
be shown by using a series of contour plots. 
 The contour plot in Figure 5 indicates that there is a 
region of the mix-proportion space for which lime is 
detrimental to mixture strength for the I-95/Route 1 soil.  
When the contour lines slope up to the right, lime is 
detrimental, and when they slope up to the left, lime is 
beneficial.  A clear indication of the detrimental impact of 
lime can be seen by comparing the strength of 400 kPa 
measured for the batch mixed with a cement dose rate of 
150 kg/m3 and a lime dose rate of 0 kg/m3 to the strength of 
300 kPa measured for the batch mixed with a cement dose 
rate of 150 kg/m3 and a lime dose rate of 50 kg/m3.  The 
addition of lime reduced the mixture strength, even though 
an additional 50 kg/m3 of stabilizer had been introduced.  
The results in Figure 5 are consistent with the trends in 
Figure 3, which presents data generated by Firm A. 
 As shown in Figure 5, the approximate location of the 
transition between the regions of detrimental and beneficial 
effects of lime on the I-95/Route 1 soil occurs at a lime-to-
cement ratio of about 33:67. 
 According to Laguros and Davidson (1995), lime tends 
to increase the solubility of organics.  So, similar to the 
effect of soil drying discussed above, it is possible that 
addition of lime made the organics more soluble and more 
widely dispersed throughout the mixture so that they were 
more able to interfere with the cementitious reactions. 
 
3.5 Explanation of Different Results by Different 

Firms 
With these results as background, it is possible to explain 
the differences between the test results from Firm A and 
Firm B, which were previously shown in Figure 2 and 
which are reproduced in Figure 6 together with the results 
of tests performed as part of this research for the same dose 
rate and the same lime-to-cement ratio using soil from the 
same site.  Figure 6 shows that Firm A produced the highest 
strengths, Firm B the lowest, and the results of this research  
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were intermediate.  The difference in strengths can be 
explained by the following four differences in procedures 
for preparing and curing specimens.  (1) Firm B allowed its 
samples to air dry before the tests, while Firm A and this 
research did not.  This contributed to the lower strength 
measured by Firm B.  (2) Firm B reconstituted its samples 
to higher water contents than the natural water contents 
used by Firm A and this research.  This also contributed to 
the lower strength measured by Firm B.  (3) Firm B cured 
its samples at about 15°C, this research cured samples at 
about 20°C, and Firm A cured their samples at about 25°C.  
These curing temperatures are in the same order as the 

strength test results in Figure 6.  (4) Firm A defined dose 
rate in terms of weight of stabilizer per volume of treated 
soil; whereas, this research and Firm B defined dose rate in 
terms of weight of stabilizer per volume of untreated soil.  
This difference resulted in Firm A adding more stabilizer to 
the soil, and it contributed to the higher strength measured 
by Firm A at the same nominal dose rate. 
 
 
4 RESULTS FOR ROUTE 33 SOIL 
 
4.1 Soil Characteristics 
Two zones of soil at the Route 33 site were identified for 
testing.  Zone 1 extends from about 4.5 to 7.5 m below the 
ground surface, and Zone 2 extends from about 11 to 14.5 
m below the ground surface.  Important characteristics of 
the Route 33 soils are listed in Table 1.  Both zones consist 
of organic silt.  Zone 1 has about 7 percent organic material 
by dry weight, a water content of about 92 percent, and a 
liquid limit of about 109.  Zone 2 has about 15 percent 
organic material by dry weight, a water content of about 
120 percent, and a liquid limit of about 209.  The 
mineralogy of the clay fractions of both zones is dominated 
by montmorillonite, with some kaolinite, mica, and 
vermiculite.  Both zones of the Route 33 soil have high 
sulfate content.  Any potential for post-curing degradation 
due to sulfate-induced heave was not evaluated; however, 
swelling of these high-water-content specimens was not 
detected during curing. 
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Figure 6.  Test Results from Three Labs
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4.2 Influence of Dose Rate and Lime-to-Cement 

Ratio on Mixture Strength 
For both soil zones, batches of lime, cement, and soil were 
prepared at dose rates of 100, 150, and 200 kg/m3 and lime-
to-cement ratios of 25:75 and 0:100.  Five of the six 
possible combinations were evaluated to disclose the 
influence of dose rate and lime-to-cement ratio on mixture 
strength. 
 Contour plots of 28-day unconfined compressive 
strength are shown as a function of cement dose rate and 
lime dose rate in Figure 7.  For both soil zones, the contour 
lines slope up to the left, indicating that lime is beneficial to 
strength for the range of mixtures tested. 
 The influence of lime on the strength of mixtures using 
the Route 33 soils is different from its influence on the 
strength of mixtures using the I-95/Route 1 soil.  One 
possible reason for this difference is that the Route 33 soils 
have higher sulfate contents than the I-95/Route 1 soils.  
Laguros and Davidson (1963) indicate that sulfates tend to 
decrease the solubility of organics.  The high sulfate 
content of the Route 33 soils may have kept the solubility 
of organics low, thereby permitting pozzolanic reactions 
between the lime and clay to increase the mixture strength. 
 An additional factor is that sulfate anions place a 
demand on added calcium cations from the cement, 
reducing the amount of calcium available for cementitious 
reactions (Arman and Munfakh 1970).  Thus, added lime 
could contribute to strength gain for the State Route 33 soil 
by helping to satisfy the demand for calcium produced by 
the high sulfate content.  Further, the State Route 33 soils 
have a higher clay fraction than the I-95/Route 1 soils have, 
so more pozzolanic material is available for reaction with 
added lime. 
 

5 IMPACT OF WATER-TO-CEMENT RATIO ON 
MIXTURE STRENGTH 

Figure 8 shows the results of the unconfined compressive 
strength tests performed on Virginia soils in this research as 
a function of water-to-cement ratio for cement-soil mixtures 
without lime.  The water-to-cement ratio is defined as the 
ratio of the weight of water to the weight of cement in the 
mixture before curing.  For dry mixed material, the water-
to-cement ratio is numerically equal to the water content of 
the soil divided by the cement content of the mixture, where 
the cement content is the ratio of cement to soil on a dry 
weight basis.  The idea that the strength of cement-soil 
mixtures should be related to the water-to-cement ratio of 
the mixture is based on the parallel concept from concrete 
technology.  Correlations between strength and water-to-
cement ratio for soil-cement mixtures have been presented 
by Miura et al. (2002), Janz and Johannson (2002), and 
others.  It is important to note that such correlations would 
be expected to apply only for well-mixed materials. 
 The upper trend line shown in Figure 8 was provided 
by Miura et al. (2002) for Hong Kong clays treated by the 
wet method of deep mixing.  The trend line is an 
exponential curve of the form qu(28 day) = a/b(w-c) where 
qu(28 day) = the 28-day unconfined compressive strength, w-c 
= water-to-cement ratio, and a and b are coefficients 
obtained by least-squares regression.  The lower trend line 
uses the same form, with coefficient values of a = 1770 kPa 
and b = 1.272 produced by fitting the data from the Virginia 
soils studied in this research using dry mixing for cement-
soil mixtures without lime.  These soils have organic 
contents ranging from 6% to 15%, average water contents 
ranging from 67% to 209%, and pH values ranging from 
3.7 to 6.6.  It would be interesting to test other Virginia 

Figure 7.  Contour Plots of 28- day Unconfined Compressive Strength (kPa) for State Route 33
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soils to determine whether they provide results close to the 
trend line shown. 
 A potential use of this trend line is to estimate the 
amount of cement required to reach a desired laboratory 
value of the unconfined compressive strength based solely 
on the initial moisture content and dry density of the base 
soil.  For example, suppose that a soil with characteristics 
similar to those of the soils listed in Table 1 is to be treated 
with cement using the dry mixing method.  The soil is 
saturated, with a water content of 80% and a specific 
gravity of solids equal to 2.65, so that the dry density is 850 
kg/m3.  Further suppose that a strength of 500 kPa is 
desired for laboratory mixed and cured specimens using a 
lime-to-cement ratio of 0:100.  Figure 8 indicates that a 
water-to-cement ratio of about 5.3 would produce the 
desired strength.  For a water content of 80%, this means 
that a cement content of 0.8/5.3 = 0.15 = 15% on a dry 
weight basis would be necessary.  Converting cement 
content to dose rate, the necessary dose rate is (0.15)(850 
kg/m3) = 128 kg/m3.  Because there is scatter in the data in 
Figure 8, laboratory trials could be initiated using dose rates 
in the range from, say, 100 to 150 kg/m3. 
 The trend line in Figure 8 for dry mixed materials is 
for cement-soil mixtures without any added lime.  As 
demonstrated above, lime can have beneficial effects or 
detrimental effects, depending on the soil type and mix 
proportions.  The effect of lime on mixture strength may be 
dependent on complex interactions among the lime, 
organics, clay minerals, and possibly sulfates in the soil.  
The authors are not aware of means to predict the effect of 
lime in advance, and site specific testing is necessary. 
 Another important factor regarding use of Figure 8 is 
that the strength of laboratory prepared and cured 
specimens is expected to be different from the strength of 
field mixed and cured specimens due to differences in 
thoroughness of mixing, curing conditions, and loading 
conditions. 
 
 
 

 
 

6 CONCLUSIONS 
Based upon review of published procedures, primarily the 
procedure in Carlsten and Ekstrom (1995), a 35 step 
procedure was developed for laboratory preparation, curing, 
and testing of lime-cement-soil specimens applicable to the 
dry method of deep mixing.  The procedure is for fine-
grained inorganic and organic soils, but not peat.  The 
procedure covers soil storage, soil preparation, lime and 
cement preparation, soil and stabilizer mixing, placing the 
mixture in molds, curing, specimen extraction, unconfined 
compression testing, and data reduction and presentation.  
Several of the most important aspects of the procedure are 
discussed in this paper, and all the details are presented in 
Jacobson et al. (2003). 
 The procedure was applied to three Virginia soils from 
two sites.  All three soils classified as organic silts, with 
average natural water contents ranging from 67 to 209 
percent.  Key findings include the following: 
•  Hydrated lime and quick lime produced about the same 

mixture strength for the I-95/Route 1 soil. 
•  Type I/II and Type II portland cement produced about 

the same mixture strength for the I-95/Route 1 soil. 
•  Increases in curing temperature produced increases in 

mixture strength for the I-95/Route 1 soil. 
•  Drying and re-hydrating the I-95/Route 1 soil caused 

drastic decreases in mixture strength. 
•  Contour plots can be a useful way to present strength 

test results for lime-cement-soil mixtures. 
•  According to the contour plot for the I-95/Route 1 soil, 

lime is detrimental to mixture strength for lime-to-
cement ratios between about 33:67 and 0:100. 

•  According to the contour plots for the Route 33 soils, 
lime is beneficial for the range of mix proportions 
tested. 

•  Increases in soil water content produced decreases in 
mixture strength. 

•  The strength of cement-soil mixtures without lime 
decreases with increasing water-to-cement ratio of the 
mixture.  The trend line for this relationship can be 
used to make preliminary estimates of the cement dose 
rate needed to produce a desired mixture strength based 
on a soil’s natural water content and dry unit weight. 
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ABSTRACT: In order to evaluate rationally the tensile strength of cement treated sands, a series of splitting tests, unconfined 
tension tests, and unconfined torsional shear tests were conducted and compared. The tensile strength obtained by the 
unconfined tension tests was larger than the one obtained by the conventional splitting tests, while it was largely underestimated 
by the unconfined torsional shear tests on hollow cylindrical specimens. Such difference was possibly caused by different 
extents of progressive failure during each type of tests, which may have been largest with the unconfined torsional shear tests. 
 
 
1 INTRODUCTION 
In Japan, the deep mixing method is used for treating not 
only soft clayey layers but also loose sandy deposits. The 
latter cases are employed to prevent liquefaction-induced 
damage during earthquakes, where the sandy deposits are 
sometimes improved in a lattice or wall shape (Matsuo et al. 
1996) in order to enhance the cost efficiency of the treatment. 
In their aseismic designs, in particular against large design 
earthquake loads that have been introduced after the 1995 
Hyogoken-nanbu earthquake, the tensile strength of the 
cement treated sands is one of the predominant factors which 
need to be evaluated in a proper manner (Saitoh et al. 1996 
among others). 

In view of the above, in order to evaluate rationally the 
tensile strength of the cement treated sands, a series of 
splitting tests, unconfined tension tests, and unconfined 
torsional shear tests were conducted and compared in the 
present study. 
 
 
2 TEST PROCEDURES 
 
2.1 Preparation of specimen 
The material used is a mixture of Toyoura sand (D50=0.18 
mm, Uc=1.6), ordinary Portland cement, distilled water and a 
small amount of clay. Their standard proportions are listed in 
Table 1. 

They were put in a mold and compated to a dry density 
of about 1.62 g/cm3 in several layers to obtain a target 
strength of 2000 kPa in unconfined compression tests after 
curing for about seven days. 
 In some tests, different material proportions and curing 
time were adopted. In particluar, the amount of water was 
increased by a factor of 1.5 and 2.0 in the unconfined 
torsional shear tests to reduce the amounts of air bubbles that 
were entrapped enevitably in the specimen. They are herein 
called as Water*1.5 and Water*2.0 specimens, respectively. 
 

Table 1. Standard mixing proportions of materials 
Material Weight (%) 

Dry Toyoura sand 66.3 
Portland cement 10 
Bentonite clay 5 
Distilled water 18.7 

 
2.2 Unconfined tension tests 
For conducting the unconfined tension tests, a new apparatus 
was developed as shown in Figure 1. It can transfer tensile 
force to the specimen by using gypsum as a filling material 
for the gap between the specimen and its holders. The 
holders are attached to the top cap and the pedestal, while 
universal joints are inserted on both ends to reduce the 
bending moment applied unnecessarily to the specimen.  
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Figure 1. Apparatus for unconfined tension tests and 
specimen dimension employed in the second series 
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Figure 4. Typical results from the first series of 
unconfined tension tests 

Figure 5. Typical results from unconfined torsional 
shear tests on Water*2.0 specimens 

The specimen diameter was 50 mm originally. The 
diameter at the middle height was trimmed down to 41 and 
45 mm, respectively, in the first and second series of tests, 
based on which the nominal tensile stress was computed. 
Refer to Figures 2 and 3 for the detailed dimensions. The 
specimen dimension employed in the first series of tests was 
determined empirically to avoid failure at the fixed portions 
in which the tensile stress may be concentrated to a larger 
extent. On the other hand, the specimen shape and dimension 
were modified in the second series of tests, referring to the 
results from FE analyses (Yoshizawa et al., 2003). It can be 
seen from Figures 2 and 3 that the uniformity of stress 
distributions within the specimen could be improved 
significantly by modifying the specimen shape and 
dimension. With this apparatus, triaxial tension tests under 
drained condition were also conducted in the second series 
(Mihira et al., 2003). 

The tensile force was applied under a constant axial 
strain rate of about 0.01%/min. By using a pair of local 
deformation transducers having a free length of 5 cm, the 
local tensile strain was measured accurately. Typical 
comparison between local and external measurements 
obtained in the first series of tests is shown in Figure 4. 
 
2.3 Unconfined torsional shear tests 
By conducting torsional shear tests on a hollow cylindrical 
specimen under unconfined states, a principal stress on the 
tensile side can be mobilized on a plane that is inclined by 
45 degrees from the horizontal direction. This tensile stress 
is equal to the torsional shear stress applied (Figures 15&16). 

The dimension of the specimen was 7 cm in outer 
diameter and 14 cm in height, while the inner diameter was 
varied in the range of 3 to 5 cm to investigate into the effects 
of specimen thickness, t, on the test results, as typically 
shown in Figure 5. To avoid possible slippage at the 
interface between the specimen and the top cap or the 
pedestal, several types of end conditions were also employed. 

The torsional shear force was applied at a constant 
shear strain rate of 0.06 %/min, while keeping the axial 
stress at almost zero during shearing. 
 
2.4 Splitting tests 
Splitting tests were conducted on a cylindrical specimen 
with a diameter of 50 mm and a height of 100 mm. The 
compression force was applied in the direction of specimen 
diameter at a constant velocity of 0.01 mm/min, based on 
which the tensile stress along the center line was computed. 
 
2.5 Unconfined compression tests 
Unconfined compression tests were conducted on a 
cylindrical specimen with dimensions of 50 mm in diameter 
and 100 mm in height. The compression force was applied in 
the axial direction at a constant displacement rate of about 
0.01 %/min, similarly to the case with the tension tests. 

載載載載荷荷荷荷装装装装置置置置

供供供供試試試試体体体体

ペペペペデデデデススススタタタタルルルル

外外外外部部部部変変変変位位位位計計計計

ユユユユニニニニババババーーーーササササルルルル
ジジジジョョョョイイイインンンントトトト

三三三三軸軸軸軸セセセセルルルル

LLLLDDDDTTTT

キキキキャャャャッッッッププププ

固固固固定定定定ホホホホルルルルダダダダーーーー

供供供供試試試試体体体体のののの寸寸寸寸法法法法とととと
LLLLDDDDTTTTのののの設設設設置置置置位位位位置置置置

50

14
0 45 LLLLDDDDTTTT

 Loading device

External disp. 
transducer

Top cap

Specimen

Holders 

PedestalPressure cell 

Universal 
joints 

0.0 0.2 0.4 0.6 0.8 1.0
-20

0

20

40

60

80

100

120

140

160

Test 28 (t=1 cm)
w = 39.2 %

ρd = 1.239 g/cm3

Cured for 166.4 h

Test 24 (t=1.5 cm)
w = 32.1 %

ρd = 1.379 g/cm3

Cured for 160.6 h 

Test 13 (t=2 cm)
w = 38.3 %

ρd = 1.275g/cm3

Cured for 156.2 h

To
rs

io
na

l s
he

ar
 s

tre
ss

, τ
 (k

P
a)

Shear strain, γ (%)

Water * 2.0

 

 

96 Deep Mixing´05



 
 

Figure 2. Detailed specimen dimension employed in the first series of unconfined tension tests and results 
from finite element analysis 

Figure 3. Detailed specimen dimension employed in the second series of unconfined tension tests and results 
from finite element analysis 
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Figure 6. Typical results from the second series of 
unconfined tension tests 
 
3 TEST RESULTS AND DISCUSSIONS 
 
3.1 Unconfined tension tests 
As typically shown in Figure 4, the stress-strain curves in the 
unconfined tension tests based on local and external 
deformation measurements were totally different from each 
other. The axial strains measured with the proximity 
transducer attached at the top cap were overestimated, since 
they include the effects of bedding errors at the interfaces 
between the specimen and the top cap and the pedestal. The 
axial strains measured with external displacement transducer 
were further overestimated, since they include the effects of 
other system compliances such as the deformation of the 
loading shaft and the universal joints. It should be noted that, 
in the second series of tests as typically shown in Figure 6, 
the strain levels at failure was found to be as small as 0.02 % 
after modification of the specimen dimensions, suggesting 
the importance of using local deformation measurements in 
accurately evaluating the failure strain level. 

In Figure 7, the tensile strengths obtained by the 
unconfined tension tests in the two series of tests on 
specimens with different water contents are compared with 
those obtained by the splitting tests. The former strengths 
were in general larger than the latter ones. In Figure 8, these 
tensile strengths are compared with the unconfined 
compression strength. The strengths shown in Figures 7 and 
8 have been corrected for the reference curing time of 180 
hours, referring to the dependency of tensile strengths on the 
curing time as shown in Figure 9. 

It should be noted that, as can be seen from Figure 7, 
there was no significant difference in the tensile strengths 
obtained by the two series of unconfined tension tests, 
although the the uniformity of stress distributions within the 
specimen obtained by the FE analysis was largely different 
(Figures 2 and 3). However, as mentioned above in Figure 6, 
more accurate measurement of local axial deformation could 
be made in the second series of tests than in the first series. 

 

Figure 7. Tensile strengths by unconfined tensile 
tests and splitting tests at different water contents 
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Figure 8. Relationships between tensile strengths 
and unconfined compressive strength 

Figure 9. Dependency of tensile strengths and 
unconfined compressive strength on curing time 
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Figure 10. Tensile strengths of Water*2.0 specimens  
 
3.2 Unconfined torsional shear tests 
The tensile strengths obtained by the unconfined torsional 
shear tests on Water*2.0 specimens under different end 
conditions and thicknesses of specimen are plotted versus 
the curing time in Figure 10. In some tests, as shown in 
Figure 11a, attempts were made by carving many ditches on 
the specimen ends to mobilize larger friction. In the other 
tests, less number of ditches were carved as shown in Figure 
11b. These end conditions are herein referred to 
as ”frictional end” and ”less frictional end”, respectively. 

As shown in Figure 12b, in one test on a specimen with 
less frictional ends, six metal blades were attached to the top 
and pedestal. Under this condition, however, the failure 
plane formed in the specimen changed its direction toward 
the nearest blade (Figure 13b). Therefore, in order to avoid 
such effects, no blade was used in the other tests, but a top 
cap and a pedestal having a zigzag-shaped metal surface 
(Figure 12a) were used instead. As a result, when the 
specimen with frictional ends was employed, the failure 
plane formation was not significantly affected by the end 
conditon, as typically shown in Figure 13a. On the other 
hand, when the specimen with less frictional ends was 
employed without blades, the direction of failure plane 
tended to change toward the nearest ditch at the end of the 
specimen in a manner that is similar to the case with blades. 

It can be seen from Figure 10 that the tensile strengths 
obtained by the unconfined torsional shear tests on 
Water*2.0 specimens were mostly in the range of 60 to 100 
kPa, while exhibiting no systematic dependency on the end 
conditions. The effect of specimen thickness on the tensile 
strength was not clearly observed, either. In this case, these 
tensile strengths were in-between the results from 
unconfined tension tests and the splitting test, as plotted in 
the figure. On the other hand, as shown in Figure 14, the 
tensile strengths obtained by the unconfined torsional shear 
tests on Water*1.5 specimens were even smaller than the 
result from the splitting test. 

160 180 200 220 240 260 280 300 320 340 360
0

20

40

60

80

100

120

140

160

180

200

With less frictional ends:
 t=2 cm, without blades
 t=1.5 cm, without blades
 t=2 cm, with blades

 Unconfined tension tests
 Splitting tests

Curing time (hours)

Te
ns

ile
 s

tre
ng

th
, σ

t (
kP

a)

With frictional ends
 and without blades:

 t=2 cm
 t=1.5 cm
 t=1 cm

Water * 2.0

  

 

 

Figure 11. End conditions of specimens for 
unconfined torsional shear tests 
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Figure 14. Tensile strengths of Water*1.5 specimens 
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3.3 Discussions 
In Figures 15 and 16, results from the unconfined tension 
and torsional shear tests on Water*2.0 and Water*1.5 
specimens, respectively, are compared in terms of the 
Mohr’s circles of stress at failure. Results from the 
unconfined compression tests are also plotted, and the 
estimated failure envelopes for shear failure are obtained 
based on these results by assuming that the internal friction 
angle of the specimen is 30 degrees, referring to relevant 
triaxial compression test results (Mihira et al, 2003). On the 
other hand, the estimated failure envelopes for tensile failure 
are obtained based on the unconfined tension test results. 

The Mohr’s circles for unconfined torsional shear tests 
on specimens having a thickness of 2 cm with frictional ends 
and without blades drawn in Figures 15 and 16 are based on 
the average results over three specimens (plotted as open 
diamonds in Figures 10 and 14), respectively. These results 
underestimated the tensile strength largely, due possibly to 
the occurrence of progressive failure starting from the outer 
surface of the hollow cylindrical specimen, which is caused 
by the nonuniform distribution of torsional shear stresses 
within the specimen. The splitting test results may have been 
also affected by the progressive failure, at least to a lesser 
extent, since the actual stress distributions in the specimen 
would be different from those used in computing the tensile 
strength under the assumption of linear elasticity. 

With hollow cylindrical specimens, the nonuniformity 
of the stress distribution reduces with the decrease in the 
ratio of its outer diameter to its inner diameter. In fact, 
Mohr’s circles for the unconfined torsional shear tests on 
specimens having a thickness of 1.5 cm shown in Figures 15 
and 16, which are drawn based on respective single test 
result, expanded from those on specimens having a thickness 
of 2 cm. It should be noted, however, that the result on 
Water*2.0 specimen having a thickness of 1.5 cm was 
overestimated, since this specimen was found to be with an 
exceptionally lower water content than the other specimens 
(refer to Figure 5 for the values of water content). In addition, 
as can be seen from Figures 10 and 14, when the specimen 
thickness was further decreased to 1 cm, the tensile strength 
did not increase significantly, due possible to the magnified 
effects of air bubbles entrapped in the specimen (Figure 13a). 
 
4 CONCLUSIONS 
Under the test conditions employed in the present study, the 
tensile strength obtained by the unconfined tension tests was 
larger than the one obtained by the conventional splitting 
tests, while it was largely underestimated by the unconfined 
torsional shear tests. Such difference was possibly caused by 
the different extent of progressive failure during each type of 
tests. In particular, due to the nonuniform distribution of 
torsional shear stresses within the hollow cylindrical 
specimen, the extent of the progressive failure may have 
been largest with the unconfined torsional shear tests. 

REFERENCES 
Mihira, S., Koseki, J., Sato, T., Namikawa, T. and 

Yoshizawa, M. 2003. Triaxial compression and tension 
tests on deformation and strength properties of cement-
treated sand, 38th Annual Conf. of Japanese Geotechnical 
Society, 875-876. (in Japanese) 

Matsuo, O., Shimazu, T., Goto, Y., Suzuki, Y., Okumura, R. 
and Kuwabara, M. 1996. Deep mixing method as a 
liquefaction prevention measure, Grounting and Deep 
Mixing, Balkema, 1, 521-526. 

Saitoh, S., Suzuki, Y., Nishioka, S. and Okumura, R. 1996. 
Required strength of cement improved ground, Grounting 
and Deep Mixing, Balkema, 1, 557-562. 

Yoshizawa, M, Shiomi, T., Namikawa, T., Koseki, J. and 
Mihira, S. 2003. Analytical study on shape of tension test 
specimen made of cement-treated soil, 38th Annual Conf. 
of Japanese Geotechnical Society, 873-874. (in Japanese) 

Figure 15. Mohr’s circles of stress at failure for 
Water*2.0 specimens 

Figure 16. Mohr’s circles of stress at failure for 
Water*1.5 specimens 
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ABSTRACT: A research program is now underway between Monash University and Griffith University in Australia, to 
study the engineering properties of selected soft clay in Australia, and to evaluate the potential for suitable ground 
improvement techniques. The work in Griffith relates to the sites in Southeast Queensland and those in Monash relates to 
the soft clay (Coode Island silt) in Melbourne, Victoria. In this paper, comprehensive laboratory studies conducted at 
Monash University and at Griffith University in treating the clays at both States were found to be excellent. In addition to 
the physical and index properties of the clays, unconfined compression tests and consolidation tests are performed to 
evaluate the strength increase and the reduction in compressibility. 
 
1 INTRODUCTION 
 
A major research program is now underway between 
Monash University and the Griffith University in Australia, 
to systematically study the engineering properties of 
selected soft clay in Australia, and to evaluate the potential 
for suitable ground improvement techniques. The work in 
Griffith relates to the sites in Southeast Queensland and 
those in Monash relates to the soft clay (Coode Island silt) 
in Melbourne, Victoria. The Southeast Queensland soft clay 
is estuarine in nature and is found predominantly in areas 
closer to the creeks, while the Melbourne clay is deltaic in 
nature. Preliminary studies conducted with stone columns 
and vertical drains in the Southeast Queensland soft clays 
found that, stone columns are not very effective in ground 
improvement works. However, the sensitivity of the 
Queensland clays is high and therefore the remoulding 
effects during the installation of drains seem worrisome, 
and perhaps influence the performance of the vertical drains. 
Thus, shallow and deep stabilization techniques with 
cement additives were thought have merits as ground 
improvement schemes.  On the other hand, Coode Island 
silt was found to respond positively to cement treatment 

In this paper, comprehensive laboratory studies 
conducted at Monash University and at Griffith University 
in treating the clays at both States were compared and were 
found to be excellent. In addition to the physical and index 
properties of the clays, unconfined compression tests and 
consolidation tests are performed to evaluate the strength 
increase and the reduction in compressibility characteristics. 
The direct conclusions that can be reached from the studies 
indicate that, 5-15 percent cement can produce adequate 
strength to be used in deep chemical mixing works. The 
consolidation studies carried out indicate that the influence 
of the cement additive causes an over-consolidation effect 

in the matrix of the treated clay, which have very high 
values of apparent pre-consolidation pressures. Thus, the 
settlement characteristics of the treated clay will be very 
much reduced when compared to the untreated clay. This 
improvement with cement additives on soft Australian clays 
will also be compared with those studied extensively in the 
Southeast Asian clays. Deep chemical mixing methods are 
not yet implemented in Australia and these data are very 
convincing in employing these methods effectively in many 
motorways and expressways, which are constructed in soft 
clays. 
 
2 MELBOURNE EXPERIENCE 
 
2.1 Coode Island Silt 
 
Coode Island Silt (CIS) is one of the youngest formed 
sedimentary formations in the Melbourne geological region 
of the Yarra Delta. The Yarra Delta covers most of the 
Melbourne CBD and stretches towards the Port Philip bay. 
Despite the suggestion from the names, CIS is 
predominantly silty clay (CH) along with some minor 
constituents of fine sand/silt. It can be found in either dark 
grey or dark grey-brown. CIS contains organic materials 
such as marine shells, shell fragments and fragmentary 
plants. These contribute to generally considerable organic 
content. It has been recorded to a depth between 5-23m 
(Neilson, 1992). 

From a summary of results obtained, CIS is a highly 
compressible deposit of high plasticity in general and has a 
record of very variable settlement under load (Ervin, 1992). 
It is characterised as a normally consolidated soil, and 
exhibits significant secondary compression or creep 
behaviour, even at very low applied loads. Settlement at 
loads ranging between overburden pressures to pre-
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consolidation pressure was predominantly creep, exhibiting 
a straight line behaviour on a settlement vs. log time plot. 
However, beyond the pre-consolidation pressure, the rate of 
creep was consistent and not stresses dependent. Its pre-
consolidation pressure lies typically in the order of 45 kPa 
and experiences very high settlement regardless of whether 
exerted pressure exceeds the pre-consolidation pressure. 
Total and differential settlement of 500-700mm can be 
expected which comprises both primary and secondary 
consolidation. Secondary consolidation increases with time 
in the form of creep, at a typical rate of 10 mm per year. 
This could easily be attributed to its notorious low strength 
properties. It has undrained shear strength of 15-30 kPa. 

These low strength properties of CIS had caused many 
structural defects in infrastructures sitting on CIS. In most 
cases, in order to avoid these potential defects, a by-pass 
solution was used. Deep foundation, such as piles was used 
to transfer loads down into stiffer strata, where the 
foundation sits. However, it did not solve the problem of 
differential settlement due to movement of slabs when 
compared to pile settlement. Apart from that, deep 
foundation is always an expensive alternative and may not 
suit any low to medium load bearing structures. This leads 
to a need in improving the properties of CIS and to search 
for a more cost-effective alternative. 

Soil mixing is a permanent soil improvement method 
in which stabilisers or blending materials are mixed with 
soils. Since it inception back in the 1960s, soil mixing has 
been an emerging ground improvement technique, 
particularly in the late 1980s and 1990s, where large scale 
applications have been carried out in Japan, America and 
some Scandinavian countries. Mixing depth could vary 
from a few meters to over 40 meters. Generally zone 
mixing within 10-15 meters is referred to as Shallow Soil 
Mixing (SSW), and any mixing depth more than that is 
referred to as Deep Soil Mixing (DSM) or Deep Mixing 
Methos (DMM) (Bruce, 2000). Successful application of 
soil mixing has led to many applications of geo-engineering, 
such as hydraulic cut-off walls, excavation support walls, 
ground treatments, liquefaction mitigation, in-situ 
reinforcement, piles and gravity walls and environmental 
remediation.  

In order to appreciate the utility of such technology, it 
is important to study the impact of the stabilisers. In this 
paper, the effect of cement as well as cement/fly ash, and 
cement/granulated ground slag mixture on CIS in terms of 
compressibility is presented. 
 
2.2 Mixing procedure and sample description 
 
The natural soil (CIS) was sampled from a site near 
Southbank in one of the existing Yarra Edge high-rise 
residential projects. The description of the sample obtained 
is shown in Table 1. Stabilising materials that were used in 
this study were selected on its commercial availability. 
Three different type of stabilisers obtained consist of 
cement (Geelong Portland Cement), cement/fly ash 
(mixture of Birkenhead Portland Cement and Gladstone Fly 
Ash), and cement/slag (mixture of Birkenhead Portland 

Cement and Ground granulated iron blast-furnace slag). 
Selected design mixes of cement were of aw (ratio of dry 
weight hardening agent to dry weight of soil) = 10%, 15%, 
20% and 30%, which is of water/cement ratio by mass 0, 1, 
and 2. For design mixes of cement/fly ash and cement/slag, 
each of the mixtures was of mass ratio 25:75, 50:50, and 
75:25 (mass of fly ash/slag: mass of cement) at 15% of dry 
soil mass and water/stabiliser ratio by mass of 0 and 1. This 
is to investigate the possibility of substituting the cement 
content with industrial by-product for cost reduction 
purposes. 
 
Table 1: Characteristics of CIS samples 
Properties Values 
Liquid Limit, LL (%) 73-89 
Plastic Limit, PL (%) 31-39 
Bulk Unit Weight (kN/m3) 16 
Specific Gravity 2.57-2.61 
Compression Index, Cc 1.1-1.5 
Shear Strength from Vane Shear Test, Su (kPa) 5-7.5 
Grain Size Distribution 
Clay (%) 25 
Silt (%) 70 
Sand (%) 5 
 

The mixing procedure was referred to the mixing 
standard set out by the Japanese Soil and Foundation 
Society, JSF T 821-1990 (1990). A laboratory electric 
mixer was used to make mixtures of the soil and stabilising 
materials. Tap water was used as mixing water in the mix. 
In the mixing process, the original soil was first mixed with 
the water in the mixer to obtain a pre-determined water 
content (100% in this study). Then, the stabiliser was added 
to the soil and mixed for about 10 minutes. This is to allow 
sufficient time for the chemical reaction to occur. The soil 
mixture was poured into a specimen mould having a 
diameter of 50 mm and a height of 100 mm, and oedometer 
ring (O-ring) of 19 mm in height and 76 mm in diameter for 
Unconfined Compressive Strength (UCS) test and One-
dimensional oedometer test respectively. The inside of the 
mould was lubricated with grease in advance to allow for 
easier sampling. The soil mixture was divided in three 
layers to fill up the whole mould to allow for consistency in 
compactions. For each of the layers, the mould and the O-
ring were subjected to some vibration to remove the air 
bubbles, which might be entrapped in the mixture. After 
that, the top surface of the specimens were covered with 
some thin plastic sheet, the specimens were cured in a fog 
room with temperature of 20 ± 3 degrees in Celsius and 
relative humidity of 90%. UCS test was carried out in the 
period of 7, 14, 28, and 56 days, and oedometer test was 
carried out upon 7 days, and 28 days curing. 
 
2.3 Unconfined Compressive Strength (UCS) Test 
 
Unconfined compressive strength (UCS) test was carried 
out with a straining rate of the sample set of 1% of the 
sample height pre minute (1mm/min). It is important to 
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note that, the both end-surfaces of the specimen had to be 
carefully levelled. Insufficient smoothness or irregular end-
surfaces could affect the specimen stiffness when loaded. 
However, the ultimate strength is not largely affected as 
most of the test carried out had shown. 

Generally, strength of treated soil increases along with 
the number of days it is cured. Figure 1 showed the UCS 
strength obtained with respect to cement stabilised CIS. 
When the UCS obtained by cement stabilisation are plotted 
as in Figures 2(a) and 2 (b), it could be justified that the 
minimum requirement of cement to treat CIS regardless of 
the w/c ratio falls around the region of aw = 15%. 
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Figure 1: Development of strength for cement as 
stabiliser (WC0 denote w/c=0; WC1 denote w/c=1; 
WC2 denote w/c=2; A10 denote aw=10%; A15 denote 
aw=15%). 

 
UCS of cement/fly ash stabilised and cement/ground 

granulated slag stabilised CIS could be seen in Figure 3. 
For fly ash and slag mixtures, significant increment of 
strength only occurred after 28 days curing period. 
Nevertheless, cement/slag mixtures were given higher 
improved strength compare to cement alone. Using fly ash 
as a part-substitution for cement as stabiliser is not as 
effective as ground-granulated slag as it reduces the 
potential strength that cement could offer. All the strength 
increment ratios (28 days: 7 days) of cement stabilised CIS 
fell between the range of 1.3 to 1.5 with the exception of 
WC2A20 and WC2A30. This is mainly due to the high total 
water content in the design mix. As for cement/fly ash and 
cement/ slag stabilised CIS, the strength increment ratios 
fell in the range of 1.3 to 1.6, and 1.8 to 2.0 respectively. 
 
2.4 One-dimensional consolidation test 
(Oedometer test) 
 
Oedometer test was carried out on the stabilised CIS upon 7 
days and 28 days of curing period. 3 different groups of 
testing are the cement, cement/fly ash, and the cement/slag 

stabilised CIS. The Oedometer test was carried in 
accordance to ASTM D2435 Method B, whereby each load 
tests is allowed to settle for 24 hours before the next 
increment. From the consolidation plot (Casagrande’s Log-
Time plot), it was found that all treated CIS specimens 
showed sign of secondary compression/creep behaviour 
occurring within the period of 24 hours with the identifiable 
straight line. The plot of effective vertical stress vs. void 
ratio (σvc’ vs. e) of the 3 different stabilisers, cement, 
cement/fly ash, and cement/slag can be seen in Figures 4 
and 5 respectively. 

All compression curves show a similarity of typical 
clay behaviour with a distinctive drop of void ratio after 
thesample being loaded more than its yielding stress 
(determining by Casagrande’s Method). The term “yielding 
stress” is more sensible as treated sample would not have 
any history of loading. In the Casagrande’s consolidation 
plot, samples were showing typical response of a clay 
whereby deformation behaviour was merely creep when 
samples were loaded with vertical stress less than the 
yielding stress of the treated material. Beyond the yielding 
stress, the deformation becomes drastic the shape of a 
typical consolidation curve was shown. 

Increasing the amount of cement shifted the 
compression curve towards the region of higher stresses 
and lower void ratios. This subsequently changes its 
normally consolidated behaviour to overconsolidated 
behaviour. Similar responses were shown by cement/fly ash 
and cement/slag treated CIS. Figure 3 shows that higher 
yielding stresses were obtained with higher ratios of cement 
in the mixes (see Table 2). However, the variations in 
improvement from 75:25 mix to 25:75 mix were not the 
same for fly ash and slag (Figures 4 and 5). Mixes with fly 
ash seems to have a larger improvement variation as 
compared to slag. Nevertheless, slag was able to treat the 
soil into a higher region of yielding stress as compared to 
fly ash (see Table 2).  

 
Table 2: Approximated yielding stress of treated CIS 
(kPa) 
Sample Yield-

ing 
stress 

(7 
days) 

Yield-
ing 

stress 
(28 

days) 

Sample Yield-
ing 

stress 
(7 

days) 

Yield-
ing 

stress 
(28 

days) 
Stabiliser: Cement Stabiliser: Cement/Fly Ash 

(aw=15%) 
WC0A10 400 500 WC0F25 600 620 
WC0A15 780 1000 WC0F50 230 300 
WC0A20 1100 2000 WC0F75 105 110 
WC0A30 1350 2700 WC1F25 520 530 
WC1A10 400 500 WC1F50 300 400 
WC1A15 500 600 WC1F75 50 60 
WC1A20 700 780 Stabiliser: Cement/Slag 

(aw=15%) 
WC1A30 1100 1700 WC0S25 700 710 
WC2A10 210 220 WC0S50 610 630 
WC2A15 350 400 WC0S75 200 400 
WC2A20 600 605 WC1S25 480 680 
WC2A30 500 505 WC1S50 360 510 
   WC1S75 130 220 
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Figure 2(a): UCS distribution of stabilised CIS with carrying cement content and w/c ratios (14 days curing). 
 

 
Figure 2(b): UCS distribution of stabilised CIS with carrying cement content and w/c ratios (28 days curing). 
 
 

 
 
Figure 3(a): Development of strength for cement/fly 
ash mixture w/c=0 (WC0 denotes w/c=0, and F25 
denotes cement:fly-ash (by mass) = 25:75). 
 
2.5 Concluding remarks 
 
From this initial laboratory study of CIS stabilisation, the 
following conclusions can be made. 

1. Additions of cement, cement/fly ash, and cement/slag 
into the soil matrix are able to improve the soil properties 
significantly in terms of structural strength and 
compressibility. This changes the natural ductile 
behaviour of CIS to a brittle type of behaviour. 

2. The consolidation properties of cement cement/fly ash, 
and cement/slag are quite similar to those of a natural clay 
deposit by showing a “yield point”. The inclusion of 
stabiliser “shifted” the consolidation curve to the higher 
stress region; the higher cement amount, the higher the 
stress region. 

3. Variation of w/c ratio dictates the void ratio of the treated 
soil; lower w/c ratio produces lower void ratio. The 
required amount of cement to record a significant 
improvement on the soil properties seems to fall in the 
region of aw=15%. 

4. Higher cement content along with lower water to 
stabiliser ratio yield higher improvement in the 
unconfined compressive strength. Inclusion of fly ash and 
cement in water to stabiliser ratio of 0 and 1 is effective in 
the mix ratio of 25:75 for fly ash, and 25:75 and 50:50 for 
slag. 

5. Inclusion of fly ash generally produces treated soil with 
higher void ratio with respect to slag producing a lower 
void ratio comparatively. Slag included mix is capable to 
exhibiting higher “yielding stress” as compared to fly ash. 
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Figure 3(b): Development of strength for cement/fly 
ash mixture w/c=1 (WC1 denotes w/c=1, and F25/75 
denotes cement:fly-ash (by mass) = 25:75). 

 
Figure 3(c): Development of strength for cement/slag 
mixture w/c=0 (WC0 denotes w/c=0, and S25 denotes 
cement:slag (by mass) = 25:75). 
 

 
Figure 3(d): Development of strength for cement/slag 
mixture w/c=1 (WC1 denotes w/c=1, and S25 denotes 
cement:slag (by mass) = 25:75). 
 
 

 
Figure 4(a): Compression curve for cement stabilised 
CIS with varying cement content with w/c=0 
 

 
Figure 4(b): Compression curve for cement stabilised 
CIS with varying cement content with w/c=1 
 

 
Figure 4(c): Compression curve for cement stabilised 
CIS with varying cement content with w/c=2 
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Figure 5(a): Compression curve for cement/fly ash 
stabilised CIS with varying weight ratios and w/c=0. 

 
Figure 5(b): Compression curve for cement/fly ash 
stabilised CIS with varying weight ratios and w/c=1. 

 
Figure 5(c): Compression curve for cement/slag 
stabilised CIS with varying weight ratio and w/c =0. 

 
Figure 5(d): Compression curve for cement/slag 
stabilised CIS with varying weight ratio and w/c=1. 
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3 QUEENSLAND EXPERIENCES 
 
3.1 Southeast Queensland soft clay 
 
Soft compressible clays are found in many expressway and 
motorway projects in Southeast region of Queensland. Such 
sub-soil conditions can have considerable implications on 
the design of embankments and structural foundations. This 
is due to both low shear strength, and a tendency to 
consolidate and deform with time. Often the simplest 
solution to such unfavourable soil conditions is to find an 
alternate alignment, although this can be costly and 
impractical. As an economic alternative to structural 
foundations, ground improvement techniques are becoming 
more prevalent.  Ground improvement in Australia 
primarily encompasses the use of granular stone columns, 
surcharge with vertical drains, and chemical stabilisation.  

In the case of the sensitive soft clays found in 
Southeast Queensland, substantial remoulding takes place 
during the stone column or vertical drain installation, 
resulting in smearing of the drain surface, thus rendering 
them ineffective. When the coefficient of consolidation is 
low, and also when the organic content is high, preloading 
techniques may not be the most appropriate technique. 
Therefore, the use of cement or lime stabilisation, which 
entails mixing the chemicals with the soil has various 
advantages. These methods improve the engineering 
properties of soft soils by effectively aggregating smaller 
particles into larger cementatious clusters, subsequently 
increasing its stiffness and volumetric stability while 
accelerating consolidation. 

Southeast Queensland clays have widely varying 
engineering properties, depending largely on the deposit’s 
depth below the ground surface and the proximity to the 
water table (as shown in Figure 6). Based on the field shear 
vane, the undrained shear strength of soft/very soft clays is 
around 10-15 kPa.  Natural moisture contents commonly 
vary between 30 and 60%.  The liquidity indices are 
generally in the range of 1.5 - 2.5, displaying high 
sensitivity.  Compressibilities as high as Cc/(1 + eo) = 0.4 - 
0.5 have been observed in the laboratory. At these high 
compressibilities, strain rate effects can be significant. 
Macro fabric features have been variable, and in the worst 
cases Cv = 0.1 - 0.3 m2/yr, and Cv/Ch = 1.0 have been 
typical based on laboratory testing. Organic contents up to 
10% have been observed, with high creep rates (Cαε > 1%).  
Given the sensitivity of soft clays, the compressibility 
parameters are likely to be underestimated in the normally 
consolidated range. Piezocone dissipation tests are also 
masked by the remoulding of the clay caused by insertion 
of the cone (Wijeyakulasuriya et al, 1999). 

Cement, lime and fly-ash are the commonly used 
stabilisers for chemical stabilisation which were 
successfully executed by many researchers (Saitoh et al, 
1985; Fahoum, et al., 1996; Porbaha, 1998; Bergado, et al., 
1999; Holm, 1999; Hoyos, et al., 2004). In addition, 
shallow stabilisation with chemical admixtures has long 
been used to improve the performance of base course and 
subgrade materials in the construction of road pavements. It 

is considered a cost-effective method of improving long 
term performance and reducing whole-of-life costs of 
heavily trafficked pavements (Austroads, 1998). The 
increased bearing capacity of cement-modified subgrade 
allows a reduction in the thickness of the base course 
required to ensure prolonged serviceability. 

In this paper, the research focuses on the cement 
addition technique. General purpose cement, also known as 
ordinary Portland cement (OPC), is widely available 
throughout Australia, making it a feasible ground 
improvement medium in most cases. Cement can be applied 
to soft clays via one of two methods. Shallow mixing, 
where cement is added to the upper 200-300 mm of the 
subgrade using a stabilising machine over a relatively wide 
area, is widely utilised as a rehabilitation technique to 
improve the strength of granular pavement materials found 
in road bases. Deep mixing is the process of mixing cement 
with clay using drilling equipment to form small radii deep 
cylinders, which act somewhat similarly to traditional 
concrete and steel piles. 

This paper explores the effects of cement additions to 
Southeast Queensland soft clays, with particular attention to 
strength gains and lessening compressibility. A laboratory 
testing program comprising Unconfined Compression and 
Oedometer tests has been undertaken to investigate the 
increase in strength and the reduction in the compressibility 
characteristics, resulting from differing magnitudes of 
cement addition. 
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Figure 6: Geotechnical properties of clay in Gold 
Coast Highway. 
 
3.2 Laboratory studies 
 
In this paper, the soil samples were taken from a site on 
Gold Coast Highway. This section of the highway traverses 
a swamp with up to 13.5 m of soft clay. The moisture 
content ranges approximately 110% at the surface and 60 % 
at a depth of 11m. The wet density ( wetρ ) of the clay was 
determined for several depths, and ranged from a low of 
1.46 3/ mt  to a high of 1.56 3/ mt . The dry density ( dryρ ) of 
the clay ranged from a low of 0.54 3/ mt  to a high of 0.96 
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3/ mt .  The density of solids ( sρ ) of the clay ranged from a 
low of 2.61 3/ mt  to a high of 2.69 3/ mt . The liquid limit is 
generally uniform with depth, at a value of 60% to 70%. 
The plastic limit is generally consistent with depth and 
ranged from 25% to 49 %.  The classification of the soils is 
based on the Unified Soil Classification System. Using 
these grading (fine-grained soil, with 50% or more is < 
0.075 mm) and the Atterberg limit given (liquid limit of 
70%, and plasticity index of 35%), the soil can be classified 
as “inorganic clay of high plasticity (CH)”. 

The physical properties of Southeast Queensland soft 
estuarine clay samples, both treated with cement and 
untreated, have been ascertained (as tabulated in Table 3). 
As expected, cement treatment increased total and dry 
densities, raised plastic and liquid limits, and reduced the 
water content and void ratio when compared to untreated 
clay. The addition of cement to this clay produced an 
immediate reduction in void ratio, as demonstrated below in 
Table 3.  This is likely due to the interaction between 
cement particles and pore water to produce solidification, 
reducing water content and filling in the voids with the 
resulting hydrated cementatious material. 
 

Table 3: Physical properties of cement treated clay 

Cement 
Content (%) 

Total Unit 
Weight 
(t/m3) 

Dry Unit 
Weight 
(t/m3) 

Moisture 
Content (%) 

0 1.255 0.711 90.72 
5 1.351 0.765 86.93 

10 1.459 0.828 77.92 
15 1.483 0.845 75.26 

Cement 
Content (%) 

Liquid Limit 
(%) 

Plastic Limit 
(%) 

Void Ratio, 
e 

0 59.8 23.0 2.727 
5 109.1 31.8 2.464 

10 121.5 44.3 2.188 
15 125.0 69.2 2.112 

 

Untreated specimens of Southeast Queensland soft 
clay were tested in unconfined compression. It is evident 
from the results that the natural clay was very soft, attaining 
a peak unconfined compressive strength of about 27 kPa. 
Further, cement treated specimens of Southeast Queensland 
soft clays were tested.  Samples of 5, 10, and 15% cement 
addition ratios were tested at 7, 14 and 28 days after mixing.  
The results of these unconfined compression tests have 
been presented to explore the two parameters under 
investigation. Plots of normal stress and axial strain for 
sample sets of differing cement content at curing times of 7, 
14 and 28 days are presented in Figure 7. 

For samples tested at 7, 14 and 28 day curing times, a 
sharp rise in stress was observed, attaining a maximum 
value at approximately 1.25% strain. The rate of stress rise 
for initial stages of each curing time plot seemed to grow 
with increasing cement content. It can then be concluded 
that the stress-strain behaviour of different cement addition 
ratios is consistently improved, independent of curing time. 
Maximum stress was attained at a much lower strain for 

cement treated samples than for untreated samples. The 
effect of additional cement is noticeable at these peak 
values, with higher admixture ratios yielding higher 
strength.  This effect can be quantified by comparing the 
peak axial stresses, as demonstrated in Figure 8.  

The addition of cement produces dramatic 
improvement in strength of Southeast Queensland soft clay. 
The effect of curing time is observed to be much less 
significant than the cement content parameter in terms of 
the rate of unconfined compressive strength gain. 
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Figure 7(a): Comparison of stress-strain behaviour of 
treated and untreated clay (7 days curing period) 
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Figure 7(b): Comparison of stress-strain behaviour of 
treated and untreated clay (14 days curing period) 
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Figure 7(c): Comparison of stress-strain behaviour of 
treated and untreated clay (28 days curing period) 
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Figure 8: Relationship of Peak Unconfined 
Compressive Strength with different cement content. 
 

Compressibility characteristics of untreated specimens 
of Southeast Queensland soft clay were tested using the 
oedometer consolidation test. The results of these tests are 
graphically presented in Figure 9.  It is apparent from the 
results that, the natural clay was very compressible, 
attaining a peak compression index (Cc) of 1.79. Plots of 
void ratio and vertical stress for sample sets of differing 
cement content at curing times of 7, 14 and 28 days are 
presented in Figure 9. A dramatic difference in compressive 
behaviour is evident between the 5% cement sample and 
the higher ratios at all curing times explored.  The slope of 
the (e, log σv) plot for 5% cement is much greater than the 

same plot for 10 and 15% cement additions.  This suggests 
that this sample was much more compressible than the 
higher cement content samples.  The difference in slope 
became less extreme at higher curing durations, although 
still significant. 
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Figure 9(a): Void ratio (e) and  vσlog  relations of 
treated and untreated clay in oedometer test (7 days 
curing time) 
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Figure 9(b): Void ratio (e) and  vσlog  relations of 
treated and untreated clay in oedometer test (14 days 
curing time) 

 
For the 10 and 15% cement samples, behaviour was 

very similar.  A very low (e, log σv) slope is observed for 
stresses up to 800kPa, indicating considerable 
compressibility improvement compared to untreated 
samples. It was observed that the samples treated with 10 
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and 15% cement displayed largely incompressible 
behaviour up to an applied load of 750 kPa.  It was shown 
that curing time had very little influence on the rate at 
which it compressed. The addition of 5% cement did not 
improve the yielding stress of this clay.   
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Figure 9(c): Void ratio (e) and  vσlog  relations of 
treated and untreated clay in oedometer test (28 days 
curing time) 
 
3.3 Concluding remarks 
 
Ground improvement techniques developed for roads, 
expressways and other infra-structure developments are 
now widely used in particular for embankments on soft 
clays. This paper summarizes some ground improvement 
techniques used in Southeast Queensland, and demonstrated 
the applicable of cement stabilisation. 

Unconfined compression tests showed that 5% cement 
additions cured for 7 days produced dramatic increases in 
unconfined compressive strength when compared to 
untreated samples, from 27 to 482 kPa.  Further cement 
addition and longer curing duration gave gradual strength 
benefits, with 15% cement samples cured for 28 days 
yielding an unconfined compressive strength of 631 kPa. 
Cement addition was found to increase the yielding stress 
and reduce the compression index of the local clay at ratios 
of 10 and 15%, while it was observed that 5% cement 
addition was ineffective in these terms.  Yielding stress of 
700 - 800 kPa were common for samples of 10 and 15% 
cement cured for 7 - 28 days. The average compression 
index of untreated clay over the 50 - 800 kPa stress range 
was shown to improve dramatically with 10% cement, from 
over 1.18 to less than 0.10. 
 
4 CONCLUSIONS 
 
From this laboratory study of soft soil stabilisation in 
Melbourne and Southeast Queensland of Australia, the 
following conclusions can be made. 

Additions of cement, cement/fly ash, and cement/slag 
into the soil matrix are able to improve the Coode Island 
Silt (CIS) properties significantly in terms of strength and 
compressibility. Further, the addition of cement has 
favourable effects on the strength and compressibility 
characteristics of Southeast Queensland soft clays. From 
the result, it can be concluded that the use of cement 
additive will be highly effective for stabilising the soft clay 
in Australia. 
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ABSTRACT: The transition zone and the thin boundary layer surrounding seven types of lime-cement columns installed in 
laboratory prepared kaolin clay have been investigated. Each type had a different recipe to consider several factors of 
influence; the installation method; the lime/cement ratio and; the peptizer content. A large numbers of tests were performed 
in the soil surrounding the columns at different column ages in order to investigate the changes in geotechnical 
characteristics. The paper describes the laboratory tests and presents the results of the conducted geotechnical test series.  
 
 
1 INTRODUCTION 
In connection to a project at the Division of Soil and Rock 
Mechanics, Royal Institute of Technology, Stockholm 
(Honkanen & Olofsson, 2001), small model lime-cement 
columns were manufactured in laboratory prepared kaolin 
clay. In order to facilitate mixing, lignosulphonate was used 
as a peptizer agent. One week after installation a thin layer 
of soft or liquefied clay was observed around the lime-
cement columns. The loss of strength in the thin layer was 
assumed to be caused by a front of cations, presumable 
sodium and potassium ions, which are migrated out in the 
surrounding soil due to diffusion driven by the migration of 
calcium ions. 
 In this paper, the zone of improved strength properties 
surrounding the columns is named as the transition zone, 
and the thin layer between the transition zone and the 
surrounding unaffected soft soil is named as the boundary 
layer, according to Figure 1. The boundary layer is visually 
approximately 1 mm thick. 
 The migration of calcium ions due to molecular 
diffusion in soft soils has been the subject of many  
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Figure 1 The transition zone and the boundary layer 
surrounding columns 

investigations (recently e.g. Rogers et al., 2000a and 2000b; 
Rogers & Glendinning, 1994 and 1997; Rajasekaran & 
Narasimha Rao, 1997 and 2000 and; Hayashi et al. 2003). 
In the surrounding soft soil the migration of calcium ions 
results in changes in the mechanical characteristics, e.g. the 
liquidity index decreases and the undrained shear strength 
increases. In spite of relatively many reported 
investigations, a soft or liquefied boundary layer in front of 
the transition zone has nor been mentioned.  
 However, a soft boundary layer has been observed in 
the field, although this phenomenon has not been well 
documented. Åhnberg et al. (1995) have studied the 
stabilisation of soil with lime and cement in a laboratory 
and observed a thin layer of soft clay surrounding the 
stabilised soil. This was explained by a shrinkage in the 
stabilised material. Later on columns were installed in the 
field, and again a layer of soft clay was observed around the 
trial columns (lime/cement: 50%/50%). Several samples 
were taken for the determination of ion concentrations. A 
decreased salt concentration was assumed to be the cause of 
the soft boundary layer.  
 A soft boundary layer was observed approximately 
30mm outside the column peripheries when whole columns 
had been extracted by a split tube sampler (Fig. 6.6 in 
Larsson, 2003). The soft boundary layer was assumed to be 
caused by vibrations when the split tube sampler was 
vibrated down into the soil surrounding the columns.  
 This paper presents a laboratory study for the purpose 
of investigating some geotechnical characteristics in the 
transition zone and the boundary layer. Small-scale lime-
cement columns, 50mm in diameter, were installed in 
laboratory prepared kaolin clay. Seven types of columns 
were manufactured with different producing method, 
composition of binder and amount of peptizer 
(lignosulphonate). The undisturbed undrained shear 
strength in the transition zone and in the surrounding soft 
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soil was tested at several column ages (after 7, 14, 30 and 
partly 90 days). Samples were taken for geotechnical tests; 
remoulded shear strength; natural water content and; 
Atterberg limits. The paper focuses on the presentation of 
test results and does not discuss possible consequences for 
field applications. 
 The project has been performed at the Division of 
Soil- and Rock Mechanics, Royal Institute of Technology, 
Stockholm. The test set-up, the results of the geotechnical 
tests and parts of the chemical analyses are reported in 
Kosche (2004). The complete project, including an 
extensive series of chemical analyses on the sodium 
potassium and calcium ion contents, will be published 
elsewhere.  
 
 
2 MIGRATION OF CATIONS 
Even though this paper does not present results of chemical 
analyses it is convenient to briefly touch upon the chemical 
processes affecting the transition zone and the boundary 
layer.  
 When calcium oxide (CaO) from lime or cement is 
added to a soft soil, hydration reactions occur forming 
calcium hydroxide (Ca(OH)2). The pore water thereby 
contains high concentrations of calcium (Ca2+), and 
hydroxide ions (OH-). Immediately, cation exchanges take 
place of calcium ions for the existing cations at negative 
chart sites on the clay mineral (e.g. Brady, 1984). These 
cation exchange processes deposit e.g. sodium ions (Na+) 
into the pore water. Calcium has a valence of two, whereas 
sodium and potassium have each a valence of one, i.e. one 
calcium ion can take the place of two sodium or potassium 
ions. Binders and additives also contain sodium (Na+) and 
potassium (K+) that may contribute to an increased 
concentration. The calcium ions migrate into the 
surrounding soft soil by molecular diffusion. The ion 
exchange processes result in changed properties in the 
transition zone. The sodium and potassium ions migrate in 
a front outward due to (natural) diffusion processes driven 
by the migration of calcium ions. The intensity of the front 
of sodium and potassium ions is supposed to diminish in 
the longer term due to a well-balanced distribution caused 
by the diffusion processes. The high concentration of 
univalent cations reduces the forces of attractions between 
the clay particles (Brady, 1984). As a result, the strength 
properties in the soft clay may change and be deteriorated. 
This process is supposed to be the reason for the changed 
strength properties in the boundary layer. 
 The cation exchange capacity in kaolin clay is 
relatively small (e.g. Boardman et al., 2001). Furthermore, 
kaolin and lime contain a relatively small amount of sodium 
and potassium. The sodium and potassium causing the 
softening boundary layer in the present study comes mainly 
from the cement and the peptizer. Swedish cement contains 
a relatively high amount of potassium (Hoffstedt & 
Johansson, 2002) and lignosulphonate contains a high 
amount of sodium.   
 

3 METHODS AND MATERIALS 
 
3.1 Soil preparation 
Kaolin clay was used in the tests. The soft clay was 
manufactured by mixing dry finely ground kaolin with tap 
water to a water content of about 90 %. The clay slurry was 
poured into a circular test box with 0.5 m diameter. An air 
pressure of 60 kPa was applied at the top to consolidate the 
slurry for ten days.  The slurry was consolidated one 
dimensionally with respect to a 50 mm thick sand layer 
drainage at the bottom of the box. Some geotechnical 
properties of the consolidated kaolin clay are shown in 
Table 1.  
 
Table 1 Properties in the consolidated kaolin clay 

Property Average Coefficient 
of variation 

Undrained shear strength 6.0 kPa 0.10 
Sensitivity 3.7 0.14 
Water content 46% 0.02 
Liquid limit 47% 0.03 
Plastic limit 31% 0.05 

 
 
3.2 Column manufacturing 
The columns were manufactured by three different 
methods; dry mixing, wet mixing, and casted columns.  
 
Dry mixing 
Dry lime and cement powder were placed in a vertical hole 
close to the centre of the location of the columns by 
pushing a tube filled with a predetermined amount of lime 
and cement down into the soil. By means of a rod with a 
plug in one end, it was possible to pull out the tube with the 
binder left in place in the soil.  
 A mixing device, with inclined paddles at three levels, 
was rotated through the soft soil down to the requisite 
depth. The mixing device was then withdrawn at a constant 
rate of 2 m/min, and a constant rotational velocity of 
320 rpm. This procedure was repeated three times for each 
column. 
 
Wet mixing 
The only difference between wet and dry mixing is that the 
wet mixing binder is pre-mixed with water to form a slurry 
before it is incorporated and mixed with the kaolin clay. 
 
Casted columns 
The third method was casted columns. A brass tube with 
the outer diameter of the completed column (50 mm) was 
slowly pressed down in the clay with an open bottom. The 
clay inside was removed by a screw. Dry kaolin, cement, 
lime and peptizer were mixed with tap water and then 
poured in to the brass tube while this was slowly 
withdrawn. A small paddle-type mixing device was used in 
order to prevent air-bubbles in the mixture. 
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Figure 2 The arrangement of the columns in the two test boxes 
 
 After the installation of the columns, the boxes were 
closed with a filter paper, a 50 mm sand layer and a steel 
plate. A low pressure, 15 kN/m2, was applied in form of 
steel weights. The water level was kept constant at the 
upper surface of the soil in order to prevent it from drying. 
The preparation of the kaolin clay and the installation of the 
lime-cement columns in the test boxes correspond to the 
procedure described by Larsson (1999). 
 
3.3 Test columns 
The columns, 50 mm in diameter, were placed forming a 
hexagon with one column in the middle according to Figure 
2. Fourteen columns were installed in two test boxes for the 
tests on 7 to 30 days old columns. Three of these columns 
were tested after 90 days. 
 Seven different mixing recipes were used in order to 
study a number of influencing factors. The recipes differ in 

producing method, lime to cement ratio and if peptizer was 
added or not, according to Table 2.  
 
3.4 Sampling and testing 
Fall-cone tests were performed on the surrounding clay at 
different distances from the column peripheries. The fall-
cone apparatus was fastened on an extension arm in order 
to facilitate testing over the whole surface.  
 Samples were taken according to Figure 3. The 
samples were approximately 5 mm thick and taken around 
the columns. Figure 4 shows the exposed surface of the test 
box after 14 days. 
 The natural water content, the liquid limit, the plastic 
limit, the undrained shear strength and, the remoulded shear 
strength, was determined according to Swedish Standards 
(SIS 1989a, 1989b, 1990a, 1990b, 1995)

 
 

Table 2 Manufacturing data of the seven columns 
Column 

 
Column age 

at testing 
 

[days] 

Producing 
method 

 

Binder 
content 

 
[kg/m3] 

Lime/ 
cement 

ratio 
[%] 

Water 
/cement 

ratio 
 

Peptizer 
content 

 
[%][kg/m3] 

A 
B 
C 
D 
E 
F 
G 

7, 14, 30 
7, 14, 30, 90 

7, 14, 30 
7, 14, 30 

7, 14, 30, 90 
7, 14, 30 

7, 14, 30, 90 

Dry 
Dry 
Dry 
Dry 
Wet 
Wet 

Casting 

150 
150 
150 
150 
150 
150 
150 

70/30 
30/70 
0/100 
0/100 
0/100 
0/100 
30/70 

- 
- 
- 
- 

0.7 
0.5 

- 
- 
- 
5 
- 
2 
7 

- 
- 
- 

7.5 
- 
3  

10.5 

 

 

500 mm 

Test box 1 Test box 2 
Tests after 14 and 30 days Tests after 7 and 90 days 
respectively respectively 
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Column  

Boundary 
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Transition 
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Figure 3 Example of the samples locations around a 
column 
   
 

 
 
Figure 4 The exposed surface of the test box after 14 
days 
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Figure 6 The propagation of the transition zone and 
the boundary layer over time 
 

4 RESULTS AND DISCUSSION 
 
4.1 General 
The results are presented with respect to different 
geotechnical properties and columns ages. The results from 
every separate column are presented in Kosche (2004). The 
discussion is separated with respect to the transition zone 
and the boundary layer.  
 
4.2 The transition zone 
Figure 5 shows the evaluated undrained shear strength in 
the surrounding kaolin clay, in terms of the stabilisation 
effect, Seff. The stabilisation effect is defined as the 
measured shear strength (at the test point) divided by the 
shear strength in the surrounding unstabilised soft soil. 
Figure 5 also shows the corresponding evaluated liquidity 
index LI, defined as: 

 
pl

pn

ww
ww

LI
−

−
=  

where wn is the natural water content, wl is the liquid limit, 
and wp is the plastic limit.  
 The stabilisation effect is in the range 2 to 8 at the 
column periphery and decreases approximately linearly 
towards 1.0 in the front of the transition zone. After 7 days, 
the columns manufactured by dry mixing have 
approximately 30% higher shear strength than the columns 
manufactured by wet mixing. Column G, manufactured by 
casting has the lowest strength. After 14 and 30 days, 
column A and B have approximately 50% higher strength 
than the other columns. Column C, D, E, F and G have 
approximately the same strength. Column B has the highest 
strength after 90 days. The results indicate that lime has a 
favourable effect on the undrained shear strength in the 
transition zone.  
 The liquidity index is in the range 0.2 to 0.4 at the 
column periphery and increases approximately linearly 
towards 1.0 in the front of the transition zone. The 
decreased liquid index towards the column periphery is due 
to an increased liquid limit. The plastic limit also increases 
towards the column. The water content is relatively 
unchanged (roughly 2 percentage units lower towards the 
column periphery) but the columns manufactured by dry 
mixing have approximately 2 percentage units lower water 
content. In spite of the fact that there are differences in the 
evaluated undrained shear strength between the different 
columns, there are no obvious differences in the evaluated 
liquid index as shown in Figure 5. These results indicate 
that the differences in strength are not a result of 
differences in the Atterberg limits.  
 Figure 6 show the propagation of the transition zone 
over time. After 90 days, the transition zone is 
approximately 30 mm outside the column peripheries. The 
propagation of the transition zone seems to be unaffected 
by the different producing methods, binder mixtures and 
peptizer contents. 
 A distance of this size, approximately 30 mm, has 
recently been observed in the field by Larsson 2003 and 
Rogers et al. 2000a. A literature survey presented by 
Rogers and Glendinning (1996) shows that the transition 
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Figure 5 The stabilisation effect Seff and the Liquidity index LI in the surrounding kaolin clay 
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Figure 7 The stabilisation effect Seff in the boundary layer; the left figures show the undisturbed stabilisation 
effect Seff and; the right figures show the corresponding remoulded stabilisation effect, Seff remoulded 
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zone is limited to this range. However, in the literature 
longer ranges have been reported but these observations are 
probably due to cracking around lime piles due to pile 
expansion and clay dehydration as discussed by Rogers and 
Glendinning (1996) and around cement columns caused by 
the mixing tool and by hydraulic fracturing, as discussed by 
Shen & Miura (1999). 
 
4.3 The boundary layer 
In order to study the evaluated undrained shear strength in 
the boundary layer, the results of the tests at the boundary 
layer are separated and presented in Figure 7. The figure 
also presents the quotient between the evaluated remoulded 
shear strength in the boundary layer and the remoulded 
shear strength in the surrounding unaffected soft clay, Seff 
remoulded.  
 
Dry versus wet mixing 
The producing method, dry and wet mixing respectively, 
can be studied by a comparison between column C and E. 
These two columns were manufactured without peptizer 
and with only cement as binder. At 7 and 30 days after 
installation, the undrained shear strength in the boundary 
layer is significantly lower for column E. However, at 14 
days after installation there is no significant difference. 
Furthermore there is no significant difference in the 
evaluated remoulded stabilisation effect between column C 
and E.  
 The production method, dry and wet mixing 
respectively can also be studied by comparing column D 
and F. These two columns were manufactured including 
peptizer, 2% and 5% respectively. The results show no 
significant difference with respect to the undrained shear 
strength. With the exception of column F at 7 days, the 
remoulded shear strength has decreased significantly 
compared to the unstabilised soil. 
 Consequently, there is no clear difference in the 
geotechnical properties between the columns produced with 
the dry mixing versus the wet mixing method, provided that 
cement was used as binder. However, since a difference in 
undrained shear strength was observed at two column ages 
between column C and column E, the influence of using 
slurry, i.e. adding water, should be further investigated.   
 The results obtained from column A and column E 
should also be discussed since these columns best represent 
dry and wet mixing respectively. Column A is 
manufactured with the dry method and with a high lime 
content. Column E is manufactured by wet mixing and with 
only cement as binder. The results show a significant 
difference in the strength properties in the boundary layer 
between the two columns. The undisturbed and the 
remoulded undrained shear strength are significantly lower 
for column E. The results indicate that the combination of 
using wet mixing and only cement has a negative influence 
on the strength properties in the boundary layer.  
 
Lime to cement ratio 
The influence of the lime-cement ratio on the boundary 
layer can be studied by comparing column A, B and C. 

There are no significant differences in the measured 
undrained shear strengths. However, the remoulded shear 
strength decreases significantly when the cement portion in 
the binder increases as shown in Figure 6, indicating that 
the lime to cement ratio has an influence on the strength 
characteristics.  
 
Peptizer content 
The influence of the peptizer content on the boundary layer 
can be studied by comparing column C and D which were 
manufactured by dry mixing. Furthermore, column E and F 
manufactured by wet mixing can be compared. Column G 
was manufactured by casting and contains a high peptizer 
content. The peptizer content has a significant and 
unfavourable influence on the undisturbed undrained shear 
strength. However, the remoulded shear strength differs for 
different column ages. 
 Figure 8 shows the boundary layer surrounding 
column G (casting, 7% lignosulphonate) after 14 days. The 
strength loss is total and the soil is completely liquefied. It 
must be emphasized that this column is manufactured with 
very high peptizer content, i.e. there is a high sodium ion 
content in the mixture.  
 

 
 

Figure 8 Example of a liquefied boundary layer. 
Column G, 7% lignosulphonate 
 
 For columns manufactured with peptizer, decreased 
shear strength was observed after 14 to 90 days. With high 
peptizer content, 5 to 7%, the strength loss was total and the 
kaolin clay was liquefied in the boundary layer. The 
peptizer, lignosulphonate, is shown to have a negative 
effect on the boundary layer between the transition zone 
and the surrounding soft soil. Before using peptizer in 
practice, in order to facilitate the mixing process for lime-
cement columns, the effects on the boundary layer must be 
further investigated. 
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5 CONCLUSIONS 
The transition zones and boundary layers surrounding lime-
cement columns in laboratory prepared kaolin clay were 
investigated by geotechnical routine tests. The main 
conclusions from the tests are as follows: 
•  The migration of calcium ions increases the undrained 

shear strength in a transition zone surrounding the 
columns. The transition zone is approximately 30mm 
after 90 days independent of the manufacturing method, 
binder composition and the addition of peptizer.  

•  The natural water content and the plastic limit are 
principally unchanged in the boundary layer. In most 
cases the liquid limit had a distinct minimum at the 
boundary layer.  

•  Lignosulphonate is shown to have a negative effect on 
the boundary layer.   

•  The combination of using wet mixing and only cement 
as binder had a negative effect on the boundary layer. 
The use of dry mixing and lime as binder had no 
negative effect on the undrained shear strength. 

•  With the exception of the column manufactured by dry 
mixing and the binder mixture 70% lime and 30 % 
cement, the remoulded shear strength decreased in the 
boundary layer. 

 The boundary layer surrounding lime-cement columns 
should be further investigated. Natural soils are not as 
homogeneous as the kaolin clay used in this test series; they 
have another composition, and may behave differently. It is 
of special interest to study clays that have high cation 
exchange capacity and holding univalent ions such as 
sodium ions in the exchange position.  
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ABSTRACT: Deep mixing has been extensively used in Sweden since the late 70’s. However, only limited studies of the long-
term change in properties of stabilized soils have been carried out. Therefore, a study of the properties of about 10-year-old
lime-cement columns was carried out at two sites: road E6 at Munkedal and a by-pass railway at Kungsbacka, Sweden. In
particular, long-term strength increase of soil treated by lime and cement and influence of treated soil on the surrounding soil
was studied. Comparisons of the shear strength reveal an increase of the shear strength since shortly after installation.
Determination of the calcium content in the clay indicates a slow migration of calcium from the columns to the untreated clay
closest to the column.

Properties of 10-year-old lime-cement columns

Löfroth, H.
Swedish Geotechnical Institute/Chalmers University of Technology. SE-581 93 Linköping, Sweden
hjordis.lofroth@swedgeo.se

1 INTRODUCTION
Several laboratory and field studies of long-term strength
increase and durability of stabilised soil have been carried
out, for example in Japan. Terashi (2003) has summarised the
results from a number of such studies. The results demonstrate
that the lime and cement treated soil displays a strength
increase during more than 10 years after construction and that
deterioration, i.e. strength reduction, due to calcium leaching,
occurs at the periphery of the treated soil, although it is a
slow process.

In Sweden, only limited studies of the long-term change
in properties of stabilised soil have been made. Therefore, a
study of the long-term properties of lime-cement columns was
initiated within the Swedish Deep Stabilization Research
Centre (SD). Two sites with about 10-year-old lime-cement
columns were used in this study. To evaluate the shear strength,
traditional column tests were carried out in the field and
unconfined compression tests at the laboratory. The results
were compared with the shear strength evaluated from
traditional column tests performed shortly after installation
of the lime-cement columns and in one case, up to one year
thereafter. To verify whether a migration of calcium from the
treated soil to the surrounding, untreated clay was taking place,
determinations of the calcium content in the clay and the pH
of the clay were made.

2 TEST SITES
To study the long-term changes of lime-cement columns, it
was necessary to find suitable sites where old columns were
accessible. In addition, the columns must have been tested at
the time of installation and these results had to be available.
Two such sites were located. Outside the municipality of
Munkedal, a limited section of soil stabilised by lime-cement
columns was exposed in connection with upgrading of the
road E6 to motorway. In connection with upgrading of the
West Coast railway to double track, a crossing road outside
the municipality of Kungsbacka was rebuilt to flyover junction.

A by-pass railway on soil stabilised by lime-cement columns
was used during the construction of the flyover junction. The
location of the sites is shown in Figure 1.

2.1 Road E6, Munkedal
In the area of the lime-cement columns for road E6 at
Munkedal, the soil consists of soft clay with very high
sensitivity (S

t
 about 90 to 200) (quick clay). The water content

of the clay is 60 to 100%, the liquid limit about 60% and the
undrained shear strength about 12 to 15 kPa. The CaO content
of the untreated clay is about 1.0 to 3.5% of dry material and
the pH varies between 8.2 to 9.3.

The lime-cement columns were constructed in November
to December 1991 using the commonly applied method in
Sweden, the dry method of deep mixing. The binder content
specified in the design was 81.5 kg/m3 of treated soil, with
50% lime and 50% cement and a retrieval rate of  25 mm/
rotation. In the studied part, the lime-cement columns have a
diameter of 500 mm. From this part of the soil stabilisation,
results from traditional column tests in 3 columns, conducted

Figure 1: Location of test sites.
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40 to 50 days after installation, are available. The lengths of
these columns specified in the design were 4, 8 and 10 m and
the measured lengths were 4, 9 and 11 m. The measured
penetration resistances are mainly between 20 and 30 kN, with
an estimated skin friction of about 4 kN. The evaluated shear
strengths are generally between 250 and 350 kPa, Figure 2.
The old road embankment had a maximum height of 3.3 m
above natural ground.

The lime-cement columns were constructed in spring
1994 using the dry method of deep mixing. The binder content
specified in the design was 99.0 kg/m3 of treated soil, with
50% lime and 50% cement and a retrieval rate of
15 mm/rotation. In the studied area, the lime cement columns
have a diameter of 600 mm and a length of 8 m. They are
arranged in interlocking rows forming parallell sheets across
the railway embankment. The lime-cement columns were
tested 12 days after installation using reverse column tests. In
addition, in a field study by Öberg (1997) traditional column
tests were conducted in 3 columns approximately one year
(376 days) after installation. The tests were performed to 6 m
depth. The results from these tests show that the measured
penetration resistance mainly varies between 10 and 20 kN,
with an estimated skin friction of 1 to 2 kN. The evaluated
shear strengths, shown in Figure 3, are generally between 50
and 150 kPa.

Figure 2: Shear strength evaluated from traditional
column tests 50 days after installation at Munkedal.

Figure 3: Shear strength evaluated from traditional
column tests 1 year after installation at Kungsbacka.

2.2 By-pass railway, Kungsbacka
In Kungsbacka, there is an excavated slope from the natural
ground level down to the bottom of the flyover junction. The
excavated slope has a terrace located 2.8 m below natural
ground level. The embankment of the by-pass railway was
designed to have its top surface level with the original ground
surface.

At the studied section, the soil consists of gyttja clay
(organic clay) to about 2.5 m depth and clay thereunder. The
gyttja clay has a water content about 120% and the clay has a
water content about 85% and a liquid limit about 75%. The
CaO content of the untreated gyttja clay was determined to
about 2.6 – 3.0% of dry material and in the clay to about 2.5
to 4.2% of dry material. In the gyttja clay the pH was
determined to about 8.0 and in the clay to 8.6 – 8.8. The
undrained shear strength of the soil in the stabilised area is
about 10 kPa down to 5 m depth and increases thereunder
with 1.4 – 1.6 kPa/m (Öberg 1997).

By-pass railway, Kungsbacka
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Previous studies, e.g. Axelsson (2001), demonstrate that
the penetration resistance in columns produced with
simultaneous installation of reverse column probes is often
higher than in ordinary columns. Öberg (1997) also concludes
that the evaluated shear strength in the columns tested 12 days
after installation with reverse column test are higher than the
evaluated shear strength in columns tested one year after
installation with traditional column test. The results from the
reverse column tests are therefore not used in this study.
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3 SHEAR STRENGTH CHANGES

3.1 Field and laboratory tests
In this study, the columns in Munkedal were tested

11 years after installation and the columns in Kungsbacka 9.5
years after installation. The shear strength of the lime-cement
columns was determined by traditional column tests in the
field. To eliminate skin friction, preboring was carried out in
all the columns. The shear strength from the traditional column
tests was evaluated according to Swedish practice (SGF 2000),
and the cross-section of the column probe was calculated with
respect to the preboring. The traditional column tests carried
out 40 – 50 days after installations in Munkedal were evaluated
with respect to the actual area of the column probe. The
penetrometer tests carried out by Öberg (1997) one year after
installation in Kungsbacka were evaluated according to
Swedish practice (SGF 2000) using the simplified assumption
that the cross-section of the penetrometer was approximately
0.01 m2  (The simplified assumption gives slightly
overestimated values (about 12%), but this will not influence
the result of the comparison).

Samples of whole lime-cement columns were also dug
up using an excavator. To determine the shear strength in the
laboratory, primarily unconfined compression tests, but also
triaxial tests, were carried out on small standard size (50 x
100 mm) specimens from these full-scale samples. The first
specimens from Munkedal were trimmed by hand from larger
pieces chiselled from the full-scale samples. This proved to
be a very time consuming method. Therefore, a core-drilling
machine was used to drill out specimens from the large
samples, and only the ends were trimmed by hand. An example
of a column part where specimens have been drilled out is
shown in Figure 4. In the laboratory, also the water content,
pH and binder content of all specimens were determined. To
determine the CaO and pH the whole specimen were crushed
and divided, and 1 g of the crushed specimen was used in the
analysis. The binder content was determined as concentration
of calcium ions (Ca2+) and analysed by ICP-AES (optical
emission spectroscopy in inductive coupled plasma) after
extraction in hydrochloric acid. The CaO content was then
calculated from the analysed calcium ion concentration.

3.2 Results and comparisons
Since the traditional column tests in this study have been
carried out with preboring and, in addition, the dimensions of
the column probe used differ from the dimensions of the
column probes used shortly after installation, only
comparisons of evaluated shear strength are made. The
intention was to carry out traditional column tests in 5 columns
in Munkedal and in 6 columns in Kungsbacka. As the columns
proved to be very hard, it was only possible to penetrate 4
columns in Munkedal. In Kungsbacka the equipment broke
for a second time during the test of the fourth column, and it
was then decided not to continue.

The samples of whole lime-cement columns in Munkedal
were taken from 1.5 – 2.5 m depth below original terrace
(natural ground). The samples showed that the columns are
very inhomogeneous. In parts of the columns, the binder has
not been sufficiently mixed with the clay and these areas show
up as white parts in the columns (Figure 5). Whether this is
the case for the whole length of the column is difficult to say.
Although the sensitivity of the clay is high at the depth from
which the samples have been taken, it is even higher at greater
depths where also the overburden pressure is higher. Therefore,
the columns may be better mixed at greater depths.

Figure 4: Sample of excavated lime-cement column
with holes after drilled out samples (Kungsbacka).

Figure 5: Sample of excavated lime-cement column
with poorly mixed binder, Munkedal.

The evaluated shear strengths from the traditional column
tests in Munkedal carried out 50 days and 11 years after
installation are shown in Figure 6. A strength increase is
evident in the upper 3 – 4 m of the columns. Thereunder, no
increase of the shear strength can be noticed. Because of the
heterogeneity of the columns in Munkedal, the results from
the unconfined compression tests depend on the homogeneity
and properties of the individual specimen. The specimens have
been chosen to be as homogeneous as possible. However, the
shear strength determined by the unconfined compression tests
varies greatly, Figure 7. In most of the compression tests the
failure of the specimens occurs in the parts with poorly mixed
binder, see Figure 8.

In Kungsbacka, there is an excavated slope down to the
bottom of the flyover junction. The excavated slope has a
terrace located 2.8 m below natural ground level. Three
traditional column tests were carried out from this terrace and
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two whole column samples taken 1.4 – 1.9 m below. These
samples were taken from depths between 4.2 and
4.7 m below natural ground level, where the natural soil
consists of clay. Two samples of whole lime-cement columns
were also taken above the slope, from depths between 2.2 and
2.7 m below natural ground level, where the soil consists of
gyttja clay. No accumulations of binder could be observed in
the column samples from Kungsbacka. However, it was
difficult to drill out specimens from the full-scale samples
from around 2.5 m depth, where the natural soil consists of
gyttja clay, and the samples appeared to be loose and crumbly.

The evaluated shear strengths from the traditional column
tests in Kungsbacka carried out one year and 9.5 years after
installation are shown in Figure 9. A strength increase of these
columns is evident. The shear strength 9.5 years after
installation is at least two times higher than the shear strength
one year after installation. None of the traditional column tests
indicates any difference in the column strength between the
parts in gyttja clay and clay.

In Figure 10, evaluated shear strength from traditional
column tests and unconfined compression tests is plotted. In
the gyttja clay nearly all of the unconfined compression tests
gave lower shear strength than the traditional column tests. In
the clay, in contrast, nearly all unconfined compression tests

Figure 6: Shear strength evaluated from traditional
column tests 50 days and 11 years after installation at
Munkedal.

Figure 7: Shear strength evaluated from traditional
column tests in the field and unconfined compression
and triaxial tests in the laboratory 11 years after
installation at Munkedal.

Figure 8: Unconfined compression test - failure of
specimen located to zones with poorly mixed binder,
Munkedal.
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To compare the results from unconfined compression
tests with results from consolidated undrained triaxial tests,
one triaxial test was carried out on a specimen from Munkedal
and two tests on specimens from Kungsbacka. The applied
effective vertical and horizontal pressures on these specimens
correspond to the pressures at the levels the samples have been
taken from. The shear strength evaluated from triaxial tests is
in the same range as the shear strength from the unconfined
compression tests. This is not surprising, since the samples
are taken quite near the actual surface (1.5–2.5 m depth) and
the applied horizontal pressures in the triaxial tests are low.
The results from the triaxial tests are marked in Figures 7 and
10.

In another study, Edstam et al (2004) conducted reverse
column tests on 2.5 year old lime cement columns.  From the
results it appears that the mean value of the evaluated shear
strength 2.5 years after installation is about 1.3 times higher
than the mean value of the evaluated shear strength 210 days
after installation. The authors conclude that the shear strength
increase continues for a long time, and that the shear strength
increase may vary considerably between apparently similar
conditions.

gave higher values of the shear strength. However, in two of
four columns the traditional column test had to be driven by
blows at these depths, and it is thus impossible to compare
the shear strength of these columns. The type of failure
observed for the major part of the unconfined compression
tests corresponds rather to a compression failure than a shear
failure, as shown in Figure 11.

Figure 9: Shear strength evaluated from traditional
column tests one year and 9.5 years after installation
at Kungsbacka.

Figure 10: Shear strength evaluated from traditional
column tests in the field and unconfined compression
and triaxial tests in the laboratory 9.5 years after
installation at Kungsbacka.

Figure 11: Unconfined compression test on a
specimen from a lime-cement column – typical failure
of specimen, Kungsbacka.
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4 EFFECT OF THE COLUMNS ON THE
SURROUNDING SOIL

To study the effect of the lime-cement columns on the
surrounding untreated clay, samples of the surrounding
untreated soil were taken and CaO content and pH determined.
In Munkedal the samples were taken using a screw auger at
about 0.2 m distance from the periphery of the lime-cement
columns. No difference in CaO content and pH compared with
natural soil could be detected in these samples. To ensure that
any leaching of calcium should be detected, the samples in
Kungsbacka were taken by hand each 5-10 mm from the
periphery of the columns.
As a reference, also samples of unaffected soil at about 15 m
distance from the lime-cement columns were analysed. The

analyses of CaO content in both the surrounding gyttja clay
2.3 m below natural ground level and the clay 4.3 m below
natural ground level show a leaching of calcium from the
columns. Although, it was difficult to determine the surface
of the column precisely, the migration of calcium into the
surrounding soil appears to be concentrated to the 50 mm
closest to the column surface. The binder content in the
columns according to the design, 99.0 kg/m3, correspond to a
CaO-content of 10 to 11% calculated according to Tränk and
Johnson (1998). The CaO content in the soil as a function of
the distance from the column surface is plotted in Figures 12
and 13. From the results of the pH determinations, no
conclusions regarding leaching from the columns can be
drawn, see Figure 14.
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Figure 13: Calcium contents (CaO)
as a function of distance from the
periphery of the lime-cement
column – samples from 4.3 m
depth in clay, Kungsbacka.

Figure 12: Calcium contents
(CaO) as a function of distance
from the periphery of the lime-
cement column – samples from
2.3 m depth in gyttja clay,
Kungsbacka.
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5 OTHER EVALUATED PARAMETERS

5.1 Modulus and deformation
Other parameters were also evaluated from the unconfined
compression tests on specimens from Kungsbacka. The
Young’s modulus, E

50
, evaluated as the secant modulus at 50%

of the maximum unconfined compressive strength (q
u
), varies

between 20 and 570 MPa for the specimens from the column
samples in gyttja clay. The Young’s modulus of the specimens
from column samples in clay varies between 90 and 660 MPa.
A rough relation between Youngs modulus, E

50
, and the

Figure 14: pH as a
function of distance from
the periphery of the lime-
cement column,
Kungsbacka.
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unconfined compressive strength (Figure 15) is E
50

 ≈ 220q
u
.

A similar relation, E
50

 ≈ 190q
u
, was obtained for samples from

lime-cement columns in clay in Arboga tested 8 weeks after
installation (Axelsson 2001).

The strain at failure in the unconfined compression tests
varies from 0.4 to 1.9% (mean value 0.85, coefficient of
variation 0.43). The relation between deformation at failure
and unconfined compressive strength is shown in Figure 16.
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5.2 Calcium content of the columns
The calcium content in tested specimens from the column parts
varies from 1.0% CaO of dry material to 14.7%. The binder
content according to the design corresponds to a CaO-content
of 10 to 11% (Tränk and Johnson, 1998). The relation between
the shear strength from unconfined compression tests and the
CaO-content is shown in Figure 17. A relation between these
parameters is not possible to observe. What can be noticed is
that both the shear strength and the CaO-content are higher in
the samples from the level with clay than the level with gyttja
clay.

Figure 16: Relation between
strain at failure and
unconfined compressive
strength (q

u
), Kungsbacka.

Figure 17: Relation between
shear strength and calcium
content (CaO), Kungsbacka.
According to the design, the
CaO-content in the columns
should be about 10 to 11%.
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6 CONCLUSIONS
Especially from the traditional column tests at Kungsbacka it
is evident that there is an increase of the shear strength of the
lime-cement columns during the period of one year to 9.5
years after installation. This holds for both the parts in clay
and in gyttja clay. For the lime-cement columns in Munkedal,
an increase of the shear strength can be observed in the upper
3 – 4 m of the columns, but not further down. The reason for
this is impossible to judge from this limited study.

The analyses of CaO content in the soil closest to the
periphery of the columns indicate a migration of calcium from
the columns to the surrounding untreated 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 column up to
about 50 mm distance from the surface.
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ABSTRACT: The quantitative assessment of the deformation behaviour of fine-grained soils, improved by deep mixing, is 
important for the analysis of many geotechnical and earthquake engineering problems. Only limited information is available 
on the dynamic and static deformation properties, in spite of their importance for geotechnical design. The paper presents 
the results of extensive seismic and static investigations on soil improved by dry mixing. Seismic methods are described, 
which can be used in the field and in the laboratory for the determination of the shear wave velocity at small strains. The 
effects of strain rate and shear strain level on the soil modulus are discussed. Based on the results of extensive field and 
laboratory tests, recommendations are given regarding the assessment of the deformation modulus at static and dynamic 
loading. 

 
 

1 INTRODUCTION 
Deep mixing is used extensively to improve the 
geotechnical properties of soft soils. The most common 
objectives are to reduce total and differential settlements 
and to increase the stability of embankments and slopes. 
Deep soil mixing can also enhance the dynamic and cyclic 
properties of the ground in seismic regions. In some parts of 
the world, deep mixing is used extensively for the 
strengthening of foundations for marine and off-shore 
installations. Another area of increasing importance is to 
modify the dynamic response of dynamically loaded 
foundations (e.g. railway embankments or machine 
foundations). Surprisingly little information can be found in 
the geotechnical literature regarding the dynamic and cyclic 
deformation properties of soil, treated by deep mixing.  

The realistic assessment of their properties is important 
for many geotechnical design problems. Figure 1 illustrates 
the problem of load transfer from an embankment to a soil 
layer reinforced by stabilized soil columns. The stress 
distribution between the stiffer elements and the untreated 
soil depends primarily on the geometric arrangement of the 
individual columns and on the relative stiffness of the 
unstabilized soil and the columns. Therefore, it is important 
to know as accurately as possible the deformation 
properties of the virgin soil, of the individual columns and 
of the composite structure. 

 

 
Figure 1. Load transfer from embankment to soil 
stabilized by columns. 

 

The most common investigation method for deep 
mixing projects is laboratory testing of the soil by adding 
different quantities of a stabilizing agent. The increase in 
strength is measured at different time intervals after mixing, 
usually by the unconfined compression test. The undrained 
shear strength is often correlated with the deformation 
(shear and/or compression) modulus, using empirical 
methods. However, such correlations must be used 
cautiously as soil type, mixing method and curing 
conditions affect the results, which may not reflect the 
actual conditions in situ.  

Tests on samples from actually installed columns 
provide more realistic information than artificially mixed 
samples. At the design stage of a project, it is usually 
difficult to establish the geotechnical properties of the 
improved ground by field trials. The most reliable method 
is by full-scale tests in the field. However, such field trials 
can usually be performed only in the case of large or 
complex projects. It is also difficult to determine the 
stiffness of stabilized columns with conventional 
geotechnical methods. Instead, push-down/pull-up probing 
is commonly used, from which it is difficult to assess 
deformation properties reliably.  

Another important aspect is that the strength and 
stiffness of stabilized soils increases with time. Field 
conditions are different to those in the laboratory and it is 
therefore difficult to assess this effect by laboratory tests. 
Thus, there is a need for simple, yet reliable field and 
laboratory methods which can determine the static 
properties (deformation modulus) and the seismic 
properties (shear wave velocity) of stabilized columns.  

In the present paper, the results of comprehensive 
seismic field and laboratory tests are described. The 
strength and deformation properties of actually installed 
columns were tested by conventional static tests, as well as 
by seismic field and laboratory tests. It will be shown that 
seismic methods are useful for the determination of the 
deformation modulus of the unstabilized soil, as well as of 
the stabilized columns at different time intervals after 
installation.  
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2 SEISMIC TESTING 
Geophysical methods are used increasingly in 
geotechnical engineering, as they have several 
advantages compared to conventional geotechnical 
investigations. The most important one is that 
geophysical tests are non-intrusive and can thus be 
performed repeatedly without affecting the investigated 

material. They are relatively cheap and can be calibrated 
with geotechnical field and laboratory tests. In the 
present investigation, seismic testing was used in the 
field and in the laboratory. 
 
2.1 Seismic Methods 
Seismic methods were initially developed for earthquake 

applications but are used increasingly for the solution of 
geotechnical problems, (Stokoe & Santamarina, 2000). The 
seismic test is particularly suited for the investigation of 
soils improved by deep mixing, as the test can be performed 
before, and repeated at any time during and after treatment. 
The seismic down-hole test, which was used primarily in 
the present investigation, will be described in detail below. 

The Seismic Analysis of Surface Wave (SASW) is a 
relatively recent development of seismic testing, which has 
found application in various areas of geotechnical 
engineering (Stokoe et al., 2004). It has large potential in 
monitoring ground improvement as the average 
deformation properties of a larger soil volume (i.e. the 
properties of soil stabilized by deep mixing or vibratory 
compaction) can be determined. SASW involves the active 
excitation of Rayleigh waves in one point and measuring 
the resulting vertical surface motions at various distances. 
Measurements can be performed at multiple receiver 
spacings in a linear array.  

In Scandinavia, the dynamic plate load test has been 
used by several investigators, (Andreasson, 1979, Bodare, 
1983, Massarsch, 2004). 

In the laboratory, the most common seismic method is 
the Resonant Column Test (Woods and Henke, 1981). 
Undisturbed or reconstituted soil samples can be 
consolidated to the desired confining stress. Thereafter, 
shear wave velocity can be measured over a wide strain 
range, typically from 0.0001 – 0.1 % shear strain.   

An interesting development is the bender element test, 
which can be combined with conventional laboratory 
methods, such as the triaxial and oedometer test (Dyvik & 
Madshus, 1985). 

 
2.2 Seismic Down-hole Test 
The seismic down-hole test, and in particular the seismic 
cone penetration tests (SCPT) are becoming routine 
investigation methods in many parts of the world 
(Robertson et al, 1986). The seismic down-hole test 
determines the travel time of polarized waves between the 
source on the ground surface and one or several sensor 
installed at different depths. As the distance between the 
source and the sensors is known, the compression and/or 
shear wave velocity can be calculated. The interpretation of 
the down-hole test is a straightforward procedure 
(Campanella et al. 1989). 

The main components of the down-hole test, used for 
investigating lime-cement (LC) columns as reported in the 
present paper, are shown in Figure 2. Horizontally sensitive 
vibration sensors are installed either by drilling (in stiff 
soils) or using push-down methods. In the present 
investigation, purpose-built displacement-type sensors were 

used (Axelsson, 1996). These are relatively inexpensive and 
can be left in the ground after the investigation.  

 
Figure 2. Principle of seismic down-hole test in LC 
column. 

 
An impulse is generated by an energy source (usually a 

hammer), striking a plate firmly in contact with the top of 
the column or anchored to the ground surface. Usually, 
horizontally polarized shear waves are generated. The start 
of the propagation of the wave is recorded by a trigger. The 
arrival time of the wave at different locations below the 
ground surface is measured by vibration sensors. The signal 
is amplified and recorded by an oscilloscope. The test is 
usually repeated, reversing the direction of polarization.  

 
2.3 Waves 
Seismic methods measure the wave propagation velocity in 
a material from which the low-strain modulus of the 
material can be calculated. Two types of body waves can be 
used for seismic tests, compression waves (P-waves) and 
shear waves (S-waves). The compression wave travels 
faster and arrives thus first at the observation point. The 
shear wave is slower but has the important advantage that 
its propagation velocity is not affected by ground water. 
Also, due to the lower propagation speed, the shear wave 
velocity can be measured with greater accuracy, as the time 
interval is larger than in the case of P-waves. In the case of 
down-hole testing, usually only the shear wave velocity is 
measured. 
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2.4 Interpretation of Test Results 
The objective of the seismic down-hole test is to determine 
the travel time of the polarized shear wave between 
different sensor levels. If the distance is known, the shear 
wave velocity can be calculated. Different methods exist to 
determine the travel time. The chosen method can affect the 
accuracy and reliability of the test results and some 
experience is required. The different evaluation methods 
are discussed briefly below. 
 
First Arrival Method 
The first arrival method is subjective as the travel time 
between the respective transducer locations is determined in 
a visual manner. Figure 3 shows vibration records of two 
geophones located at a distance of 2 m. The travel time can 
be identified at different points in the vibration record. 
Point 1 corresponds to the “first arrival” of the shear wave 
(first off-set from the zero line). Point 2 is at the first peak 
(trough) of the propagating wave and represents the 
propagation velocity at which the shear wave energy 
travels. Point 3 represents the second crossing of the signal 
of the zero line and is sometimes easier to identify than the 
first arrival. If the quality of the signal is good, all three 
methods give approximately the same wave propagation 
velocity. 

 
Figure 3. Determination of the first arrival time at 
different time intervals. 

 
In Figure 3, for all three cases, the time interval is 

approximately 19 ms, which at a sensor spacing of 2 m 
corresponds to a shear wave velocity of 105 m/s. The 
predominant frequency of the wave can be estimated from 
the period of the signal. The wave length, L can be obtained 
form the following relationship 

/L C f=    (1) 

where C is the wave velocity and f is the frequency. This 
information is useful as it indicates the volume of tested 
soil. 
 
Reverse Impact Method 
In order to simplify the evaluation of the seismic test, it is 
recommended to perform two blows in opposite directions 

(“reverse impact method”), cf. Figure 4. The curves show 
vibration records at two depths. The reverse impact method 
facilitates the identification of travel times and its use is 
recommended.  

 
Figure 4. Reverse impact test of seismic down-hole 
test for determination of first arrival time. 

 
Cross-correlation 
Cross-correlation determines the time interval between two 
signals, based on the maximum signal amplitude. Signal 
evaluation by this method is less subjective, but requires 
judgement as the result are influenced by the part of the 
time history is selected for analysis. The signal amplitude 
of the two transducers is adjusted to the same value. Cross-
correlation shifts the second signal relative to the first one, 
and shifting is performed in steps equal to the time interval 
between the digitized points. At each time shift, the sum of 
the product of the two signal amplitudes is calculated. This 
sum is plotted against the time shift, and the time shift at 
the maximum value of this graph is the time difference 
between the arrival times of the transducers, Figure 5. The 
peak value of the cross-correlation represents the 
propagation velocity of the wave energy.  
 

 
Figure 5. Determination of travel time between 
sensors using the cross-correlation method. 

 
2.5 Dynamic Soil Properties 
The primary result of a seismic investigation is the wave 
propagation velocity of either P-waves or S-waves. From 
the P- and S-wave velocities the shear modulus, Gmax 
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and the oedometer (constrained) modulus, Mmax, at small 
strains can be calculated from the following relationships 

2
max SG Cρ=    (2) 

2
max PM Cρ=    (3) 

where ρ  is the bulk density of the soil and Cp and Cs are 
the P-wave velocity and S-wave velocity, respectively. 
Shear waves propagate at very low strains, and the shear 
strain level γ  can be estimated from the following 
relationship, 

S

x
C

γ =
   (4) 

where x is the vibration velocity amplitude. If for instance 
the vibration amplitude is 0.1 mm/s and the shear wave 
velocity is 100 m/s then the shear strain level is 10-4 %. At 
such a low strain level, the soil is in the elastic range.  

 It is often assumed that the rate of deformation during 
a dynamic test is high. This is not correct, as the strain 
amplitude is very low. Consequently, the strain rate of a 
seismic test is comparable to that of a static test, Massarsch 
(2004). Thus, the reason for the difference between the 
“seismic modulus” and the “static modulus“ is that the 
seismic modulus is determined at a much lower strain level 
than the static modulus. 

 
3 DEFORMATION PROPERTIES OF FINE-

GRAINED SOILS 
 
3.1 Deformation Modulus 
The shear modulus at small strain (approx. 0.001 %) can be 
determined from seismic tests in the field or from resonant 
column tests in the laboratory. From the shear wave 
velocity, the shear modulus Gmax at small strains can be 
calculated according to Eq. 2. Figure 6 shows a typical 
shear stress-shear strain relationship.  

 
Figure 6. Shear stress – shear strain relationship for 
fine-grained soil at undrained loading. 

 Three commonly used definitions of the shear modulus 
G are indicated. At very low stress levels (i.e. very low 
strains), the shear modulus is called the maximum shear 

modulus, Gmax. With increasing stress level, the shear 
modulus decreases. At 50 % of the failure stress the term 
G50 is frequently used, which corresponds to typical 
operating conditions (service state) of a geotechnical 
structure. At failure, the shear modulus is defined as Gf. It is 
common practice to define the stress-strain relationship of 
soils by the secant modulus, Gs. At unloading and re-
loading, it is usually assumed that the modulus corresponds 
to the modulus at initial loading, Gmax. The measuring 
accuracy of conventional static laboratory tests has 
improved and stress-strain measurements can today be 
performed at very low strain levels, during triaxial, simple 
or direct shear tests. It is possible to estimate the shear 
modulus quite accurately at strain levels above about 0.5 %.  

 
3.2 Correlation between Gmax and fuτ  
For normally consolidated, fine-grained soils, a close 
correlation exists between the ratio τf / '

vσ  and the 
plasticity index, PI (Bjerrum, 1973) 

' 0.0029 0.13fu

v

PI
τ
σ

= +
  (5) 

where '
vσ  is the vertical effective stress. Hardin (1978) has 

proposed the following semi-empirical relationship for 
estimating the shear modulus at small strains, Gmax  

( )0.5'
max 02

625
0.3 0.7

k
aG OCR p

e
σ=

+   (6) 
where e = void ratio, OCR = overconsolidation ratio, k = 
empirical constant, which depends on PI, 0σ is the mean 
effective stress and pa is a reference stress (98.1 kPa). The 
shear modulus at small strains is thus a function of the 
square root of the mean effective stress. Therefore, the 
assumption of a linear relationship of / fG τ  appears not to 
be justified. The relationship between the shear modulus at 
small strain, Gmax and the undrained shear strength. 

fuτ (shear modulus ratio) for normally consolidated, 
saturated, fine-grained soils can be estimated from the 
following relationship (Massarsch, 2004),  

( )
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+ 

+  
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where wn = natural water content, ρs = density of solid 
particles and ρw = density of water. K0 is the coefficient of 
lateral earth pressure (effective stress) at rest, which in 
normally consolidated clay deposits can be estimated with 
sufficient accuracy from the following relationship, 
(Massarsch, 1979)  

0 0.0042 0.44K PI= +         (8) 

 The normalized shear modulus as calculated from Eq. 
(7) is shown in Figure 7 as a function of the water content, 
for different values of the plasticity index, PI and normally 
consolidated conditions (OCR = 1).  
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Figure 7. Relationship between the normalized shear modulus at small strains, Gmax and the water content, cf. 
Eq.7; field and laboratory data from Döringer (1997).  

It is assumed that the soil is fully saturated. The 
normalized shear modulus decreases markedly when the 
water content of the soil increases. In Figure 7, results of 
investigations published in the literature are presented. The 
data included field and laboratory tests and in a variety of 
fine-grained soils. They follow quite closely the semi-
empirical relationship from to Eq. 7. Values determined in 
the field aregenerally about 10 to 20% higher than 
laboratory results. For many design problems, Eq. 7 can be 
used with sufficient accuracy.  

 It is apparent that water content (and the thus void 
ratio) has a strong influence on the small-strain modulus. 
The shear modulus ratio is high in silty clays and silts and 
can range from 1500 – 2000. In the case of low-plastic 
clays (wn around 20 %), the ratio is in excess of 1000, but 
decreases to 250 in plastic clays with wn approaching 100 
%. The modulus ratio can be even lower in organic soils, 
but the available database is limited. 

 The following example illustrates the use of Figure 7. 
Assuming a normally consolidated soft clay, with τfu = 15 
kPa, wn = 50 %, and PI = 40, the shear modulus ratio, 
Gmax/(τfupa)0.5 = 750. The shear modulus at small strain is 
thus, Gmax = 28.7 MPa. In this case, the rigidity index (ratio 
between the shear modulus and the undrained shear 
strength), Gmax/τfu = 1920. The elastic modulus E and the 
constrained modulus M, are related to the shear modulus G 
according to the following relationships 

 
2 (1 )E Gν= +    (9) 

( )
( )
2 1
1 2

M G
ν
ν

−
=

−   (10) 

where ν is Poisson’s ratio. It is commonly assumed that for 
undrained conditions in fine-grained soils, ν = 0.5, which is 

valid for undrained conditions at large strains (> 0.1 %). 
However, this value is not necessarily valid at small strain 
levels (< 0.001 %), where ν can be significantly lower (0.15 
– 0.3). This aspect can have important practical 
consequences when interpreting the results of small-strain 
tests, but it is usually not appreciated. 
 
3.3 Shear Modulus at Large Strains 
The stress-strain behaviour of fine-grained soils has been 
investigated extensively in the areas of soil dynamics and 
earthquake engineering. The most widely used correlation 
was proposed by Vucetic and Dobry (1991). Massarsch 
(2004) analyzed stress-strain data published in the literature 
(mainly RC tests) and performed a regression analysis. A 
modulus reduction factor, Rm = Gs/Gmax was used to 
define the decrease of the shear modulus Gs at three shear 
strain levels, 0.1, 0.25 and 0. 5 %, cf. Figure 8. The 
modulus reduction factor Rm decreases rapidly in the case 
of silty soils, and less in soils with higher PI.  

 For example, in a soil with PI = 20 % at γ  = 0.1 %, the 
shear modulus is 0.45 Gmax. At a shear strain level of 
γ  = 0.5 %, the modulus value decreases to 0.15 Gmax. For 
normally consolidated clay with a plasticity index of 40%, 
the modulus reduction factor at 0.5% shear strain, Rm = 
0.28. Thus the maximum shear modulus, Gmax (28.7 MPa) 
decreases at a stress level of approximately 50 % of the 
failure load to G50 = 8.1 MPa. Assuming Poisson’s ratio 
ν = 0.5, according to Eq. 9, the elastic modulus E50 = 24.3 
MPa. The ratio between the elastic modulus E50 (24.3 MPa) 
and the undrained shear strength (20 kPa) is thus 
approximately 50 / fuE τ = 1200. The shear strain γ at G50 
can be estimated from the ratio of the shear modulus and 
the undrained shear strength: /fu Gγ τ= (20/8100 = 
0.00185) and is about 50γ = 0.25 %.  
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Figure 8. Modulus reduction factor, Rm = Gs/Gmax as function of the plasticity index, PI at three strain levels, 
(Massarsch, 2004). 

 

4 DEFORMATION PROPERTIES OF LIME-
CEMENT COLUMNS FROM STATIC TESTS 

 
4.1 Static Laboratory Tests 
Only limited information is available in the literature 
concerning the deformation properties of LC columns 
during undrained loading. Massarsch and Eriksson (2002) 
compiled the results of field and laboratory tests, Figure 9, 
where the elastic modulus at 50 % of the failure load is 
shown as a function of the compressive strength. 

The scatter in the data is relatively large. The modulus 
values from laboratory tests are about 2 to 3 times higher 
than those determined by in-situ tests. The following 
correlation was obtained between the unconfined 
compressive strength (kPa) qu,col and the modulus of 
elasticity (MPa) E50 at 50 %.  

coluqE ,50 160=     (11) 

4.2 Static Field Tests on LC Columns 
Kivelö (1994) reported static field loading tests on 
individual LC columns. The LC columns were installed in 
soft, plastic clay with undrained shear strength of 18 – 20 
kPa and water content 43%. The mixing ratio of cement and 
unslaked lime was 50% (20 – 25 kg/m), and the column 
diameter was 0.5 m (corresponding to 102-127 kg/m3). 
Deformations at different depths in the column were 
measured as the load on the column head was increased. 
The reduction of the elastic modulus as a function of the 
applied load was measured. The elastic modulus E of the 
upper part (1 m of column length), normalized by the 
initially modulus value is shown in Figure 10 as a function 
of strain. The modulus reduction at 0.5 % axial strain was 
about 50 % of the maximum value. However, the maximum 
value, which was used to normalise the elastic modulus, 

was probably lower than a maximum value based on a 
seismic tests (Gmax). However, it is apparent that the 
elastic modulus decreases significantly with increasing 
strain level. 
 
5 NORRALA PROJECT 
 
5.1 Project Site 
In connection with the expansion of the Ostkustbanan 
railway link north of Uppsala, Sweden, an up to 7 m high 
embankment had to be constructed on very soft, 
compressible soil. The main objective of the project is to 
increase the train speed from 130 to 160 km/h. The most 
common ground improvement method for such problems in 
the Nordic countries is the installation of LC columns, 
using the dry mixing method. While different methods can 
be used to determine the geotechnical parameters of the 
columns, only limited data is available on their static and 
dynamic deformation behaviour. Therefore, extensive field 
and laboratory investigations were implemented at Norrala 
(Axelsson, 1996, Björkman and Ryding, 1996).  

 The test area consisted of soft, organic clay to a depth 
of 10 m. Below a 1 m thick dry crust follow: 2 m of organic 
clay (gyttja), 2 m of sulfide clay (locally known as 
“svartmocka”) and 4 m of silty clay. Moraine (till) was 
encountered at 9 m depth. The ground water level was 
located less than 1 m below the ground surface. The soil 
conditions are summarized in Table 1, where the water 
content, the density, the undrained shear strength and the 
sensitivity are given. 
The shear strength was determined by the fall cone test and 
is usually corrected with respect to PI (Bjerrum, 1973). 
Assuming PI = 60, the correction factor is approximately 
0.75.  
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Figure 9. Relationship between the elastic modulus, E50 and the unconfined compressive strength from LC 
columns (Massarsch and Eriksson, 2002). 

 

 
Figure 10. Reduction of compression modulus from field load tests on LC columns, after Kivelö (1994). 
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Table 1. Geotechnical conditions at Norrala test site. 
 

Depth Soil Water 
content 

Density fuτ  St 

(m)  (%) (t/m3) kPa - 
0 Dry crust - 1.2 - - 
1 Gyttja 107 1.4 12 11 
2 Gyttja 81 1.4 13 17 
3 Gyttja 124 1.38 20 7 
4 Svart-

mocka 
87 1.4 17 20 

5 Svart-
mocka 

74 1.4 17 20 

6 Svart-
mocka 

74 1.4 17 20 

7 Silty clay 50 1.7 9 16 
8 Silty clay 50 1.7 9 16 
9 Silty clay 50 1.7 15 16 

10 Moraine - 1.9 - - 
 
5.2 Tests on LC Columns 
On June 6, 1995 (from 12.00 – 13.00) 18 LC test columns 
of 10 m length and 0.60 m diameter were installed. The 
mixing ratio of lime/cement was 50% / 50%. Two mixing 
quantities were used: 28 kg/m (99 kg/m3) and 44 kg/m (156 
kg/m3), respectively. Inspection of the samples and of 
several test columns showed that the columns were 
relatively homogeneous. However, the lime-cement content 
varied across the column cross section. 
 
Static Tests in the Laboratory 
Samples from LC columns with different quantities of 
stabilizing agent (28 kg/m and 44 kg/m) were obtained by 
coring, and investigated by triaxial and direct shear tests 
(Björkman and Ryding, 1996). The samples were taken at a 
distance of 0.12 m from the edge of the column. All 
samples were obtained from the same depth, 3 m below the 
ground surface. The laboratory tests took place during 
September and October 1995, about 4 months after 
installation of the test columns. Isotropically consolidated 
drained (CD) and undrained (CU) triaxial tests were 
conducted on samples with a diameter of 49 mm and a 
height of 100 mm. The samples were first consolidated 
isotropically to in-situ stresses and thereafter loaded to 
failure. The loading rate was 0.1 mm/min, which is 
comparable to that of a seismic test (0.002 %/sec). In the 
present paper, only the results from the CU tests are 
reported. Details of the testing procedure and results from 
all tests have been published by Björkman and Ryding, 
(1996). 

 Direct shear tests were also performed in a shear box 
(“Mulbert”) with a sample diameter of 150 mm and a 
sample height of 50 mm, at three different vertical 
pressures. The loading rate during the shear tests was 0.5 
mm/min and failure was typically reached within 2 minutes.  

 
Seismic Field Tests 
Immediately after installation of the columns, and before 
the start of the curing process, vibration sensors were 

installed at 2.5 and 5.5 m depth, respectively. In addition, at 
some distance from the test columns, two sensors were 
installed in the clay at 2 and 5 m depth, respectively. 
Details of the measuring equipment, the installation method 
and evaluation techniques have been described by Axelsson 
(1996). Four hours after installation of the LC columns, the 
first down-hole test was performed according to the 
procedure described above. In total six down-hole tests 
were carried out over a time period of 41 days.   
Seismic Laboratory Tests 
A sample from a column with a mixing quantity of 28 kg/m 
(99 kg/m3) was obtained from 3 m depth. An undisturbed 
sample was also taken at 3 m depth from the unimproved 
soil in the vicinity. Bender element tests were performed in 
a triaxial testing device 116 days after the installation of the 
test columns. The samples were first consolidated at the in-
situ confining stress, during which the shear wave velocity 
(shear modulus) was determined at different time intervals.  
 
5.3 Results from Static Tests Triaxial Tests on 
Clay 
Standard CU tests were carried out on undisturbed samples 
at a confining stresses of 60 kPa. The stress-strain curve is 
shown in Figure 11. Failure was reached at approximately 
2.5 % axial strain at a deviatoric stress of 40 kPa, which 
corresponds to an undrained shear strength of 20 kPa. 

 

Figure 11. Triaxial undrained shear test on clay. 
 

Triaxial Tests on LC Columns 
Triaxial tests were carried out on samples with two mixing 
quantities (28 and 44 kg/m) at three confining stresses (60, 
120 and 180 kPa). Stress-strain curves from the two sets of 
tests are shown in Figure 12. From the stress-strain curves it 
is possible to determine the elastic modulus at different 
strains. It should be noted that the properties of the 
individual samples varied considerably, in spite of the 
apparent homogeneity of the columns. This aspect is 
important when interpreting the results from samples, 
obtained from LC columns installed in the field. The scatter 
of data reflects thus the variability of the columns. 
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a) Mixing quantity: 28 kg/m (99 kg/m3) 

 

b) Mixing quantity: 44 kg/m (156 kg/m3) 
Figure 12. Stress-strain curves from CU Triaxial tests. 

In Table 2, the deviatoric stress at failure, the axial 
strain and the elastic modulus at failure, Ef as well as the 
axial strain and modulus at 50 % of the failure load, E50 are 
given for three different confining stresses and two mixing 
quantities, respectively. It is interesting to note that no clear 
difference in neither strength nor soil stiffness can be 
detected for the two mixing quantities. This is somewhat 
surprising, considering the relative homogeneity of the 
samples. 

 
Table 2. Determination of modulus from triaxial tests. 
a) Mixing Quantity: 28 kg/m (99 kg/m3) 

3σ  
1 3( ) fσ σ−  fε  fE  50ε  50E  

k kPa % MP % M
6 1265 1, 103 0, 2
1 1550 1, 150 0, 2
1 1600 1, 101 0, 1
 
 
 
 

b) Mixing Quantity: 44 kg/m (156 kg/m3) 
3σ  

1 3( ) fσ σ−  fε  fE  50ε  50E  

kPa kPa % MPa % MPa 
60 695 0,96 72 0,48 175 
120 1345 1,85 73 0,93 160 
180 1365 1,45 94 0,73 104 

 
Direct Shear Tests on LC Columns 
Direct shear tests were performed on larger samples than 
those used for the triaxial tests. In the case of a direct shear 
test, the failure plane is pre-determined. The samples were 
inspected after each test and it was found that variations of 
material properties along the failure plane influenced the 
results. Typical results for two mixing quantities are shown 
in Figure 13.   

 
a) Mixing quantity: 28 kg/m (99 kg/m3) 

 
b) Mixing quantity: 44 kg/m (156 kg/m3) 
Figure 13. Stress strain curves from direct shear tests. 

 
5.4 Results from Seismic Tests 
Two types of seismic tests were performed: down-hole tests 
in the field on the unimproved soil and in LC columns, as 
well as bender element tests in the laboratory on an 
undisturbed clay sample and on a sample from a column 
with a mixing quantity of 28 kg/m (99 kg/m3).  

 
Seismic Down-hole Tests in Clay 
Seismic down-hole tests were carried out in the undisturbed 
clay, adjacent to the test area where the LC columns were 
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installed. The shear wav velocity was measured at 2.5 and 
5.5 m depth. The average shear wave velocity of several 
measurements was 40 m/s. The predominant frequency of 
the signal was 20 Hz, corresponding to a wave length of 2 
m. The shear wave velocity gave a small strain modulus 
Gmax = 2.3 MPa.   
 
Bender Element Tests on Clay Samples  
Bender element tests were performed on undisturbed 
samples of clay from 3 m depth. The water content prior to 
consolidation was 124 %. The undrained shear strength 
obtained from CU tests was 19.5 kPa. The samples were 
consolidated isotropically to a confining pressure of 8.7 and 
thereafter to 9.3 kPa. The shear modulus was determined 
during consolidation over a period of 2500 minutes, Figure 
14. 
 

 
Figure 14. Shear modulus determined on clay sample 
from 3 m depth during consolidation at two different 
confining stresses. 

The shear modulus increased during consolidation and 
had not yet reached the final value when the tests were 
ended. For the respective confining stress, the shear 
modulus at small strain, Gmax, at the end of consolidation is 
1.42 MPa and 1.79 MPa. For the analysis, an average value 
of the maximum shear modulus at the end of consolidation 
of 1.61 MPa was chosen, which corresponds to a shear 
wave velocity of 34 m/s. This value is significantly lower 
than the shear wave velocity measured in-situ (40 m/s) and 
confirms that consolidation was not yet completed. 

 
Seismic Down-hole Tests in LC Columns 
Seismic down-hole tests were carried out at different time 
intervals after installation of the LC columns. Figure 15 
shows the shear wave signal in a column with mixing 
quantity 44 kg/m (156 kg/m3), 41 days after installation. 
The measuring points are located at 2.5 and 5.5 m depth. 
Two tests with polarized signals in the opposite direction 
are superimposed. 

 
Figure 15. Signal from reverse impact test (depth 
interval 2.5 to 5.5 m) in column with mixing quantity 44 
kg/m (156 kg/m3), 41 days after installation. 
It is relatively easy to identify the arrival of the first (or 
second) peak of the shear wave. However, it is not equally 
easy to determine the first arrival of the shear wave. The 
time interval between the first peak of sensor 1 and sensor 2 
is 9.5 ms, resulting in a shear wave velocity of 316 m/s. A 
more accurate and consistent method of determining the 
travel time is by cross-correlation of the two shear wave 
signals, Figure 16. 

 
Figure 16. Determination of the shear wave velocity 
by cross-correlation of the signals shown in Figure 15. 

 
 There is good agreement between interpretation 

methods, both of which give a travel time of 9.5 ms. The 
predominant period of the shear wave is 72 ms, which 
corresponds to a frequency of 14 Hz. Assuming a shear 
wave velocity of 316 m/s, the wave length is 23 m, which is 
significantly longer than in the clay. From the shear wave 
velocity, and assuming a density of 2 t/m3, the small-strain 
modulus 41 days after construction is Gmax = 199 MPa. 
Bender Element Tests in LC Columns 
The shear modulus was also determined by bender element 
tests in the laboratory, 116 days after construction of the 
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columns. A sample was taken at 3 m depth from a column 
with a mixing quantity of 28 kg/m. The water content of the 
sample was 97 % prior to consolidation. The sample was 
consolidated isotropically in steps at two confining stresses, 
lasting a time period of 1500 and 5500 minutes, 
respectively. Thereafter, the shear strength was determined 
by conventional triaxial test, which yielded 

1 2( ) / 2 640σ σ− = kPa. The results of the bender element 
test are shown in Figure 17.  
 

 
Figure 17. Results from bender element tests on 
consolidating sample from LC column. 

The bender element tests suggest that practically no 
change of the shear modulus at small strain occurred during 
consolidation (over a time period of almost 5500 minutes). 
The maximum shear modulus at the two confining stresses 
was 250 MPa and 269 MPa, respectively. For the following 
evaluation of test data, an average value of 255 MPa was 
chosen as the maximum shear modulus. This value is about 
30 % higher than the shear modulus, determined in the field 
by down-hole tests 41 days after installation (199 MPa). 
The time aspect will be discussed below in more detail. 

6 DEFORMATION PROPERTIES  
The deformation modulus obtained from static and seismic 
tests in the field and in the laboratory can be compared. 
Based on the seismic down-hole tests in the field, the 
increase of the shear modulus with time after installation of 
LC columns can also be studied.  

In order to compare axial strains ( aε ) from triaxial 
compression tests with shear strains (γ ) from seismic tests, 
the following relationship is used 

(1 ) aγ ν ε∆ = + ∆   (12) 

where ν is Poisson’s ratio. At large strains (> 0.1 %) and 

undrained loading, it can be assumed that Poisson’s ratio 
0.5ν = . Thus, 1.5 aγ ε= . As has been shown above, the 

main difference between the modulus determined from 
static or seismic tests is strain level, while the rate of 
loading is practically the same for both test types.  
 
6.1 Effect of Time on Stiffness of LC Columns  
The shear wave velocity was determined in-situ by down-
hole tests at different time intervals after installation of two 
LC columns with different mixing quantities. In Figure 18, 
the increase of shear wave velocity with time (up to 41 
days) is shown. The shear wave velocity of the clay before 
improvement was 40 m/s. Within a 41 days (approx. 1000 
hrs), the shear wave velocity increased to 310 m/s. Also 
indicated are the values of shear wave velocity from the 
bender element tests (measured after 116 days). These tests 
suggest that the shear wave velocity continued to increase 
to about 360 m/s. The measurements give average values in 
the columns between 2.5 and 5.5 m depth. 

No distinct difference could be observed between the 
shear wave velocities in the two columns with different 
mixing quantities (28 and 44 kg/m, respectively).  

The maximum shear modulus, Gmax can be readily 
calculated from the shear wave velocity. It was assumed 
that the density of the LC columns was 2.0 t/m3, and that of 
the organic clay 1.4 t/m3. Figure 19 shows the increase of 
the shear modulus with time in the LC columns, cf. Figure 
18. The maximum shear modulus in the undisturbed clay 
was 2.3 MPa and increased after dry mixing within 41 days 
to about 190 MPa. The maximum shear modulus from 
bender element tests, performed after 116 days, reached an 
average value of 255 MPa. It can be assumed that the shear 
modulus will increase further with time. No significant 
difference in shear modulus could be observed between the 
two mixing quantities.  

 
6.2 Effect of Strain on Stiffness of LC Columns 
The shear modulus is strongly affected by strain level. In 
the case of a seismic test, the shear strain level is on the 
order of 0.001 %, or even lower. On the other hand, at 
conventional static triaxial tests, accurate measurements can 
be obtained at strain amplitudes higher than about 0.5 %. 
As has been shown in Figure 8, the modulus decreases 
significantly when shear strains increase from its maximum 
value to between 0.1 – 0.5 %. In Figure 20 the results of the 
triaxial tests are presented as a function of shear strain. 
Axial strain and elastic modulus were converted into 
equivalent shear strain and shear modulus values. 

The shear modulus decreases with strain amplitude and 
increases with confining stress. The shear modulus (at 
0.001 % shear strain: 255 MPa) decreased at 0.5 % to about 
60 MPa. Thus, the shear modulus at relatively low shear 
strain level (0.5 %) is reduced to about 20 % of its 
maximum value. A strain level of 0.5 % is typical for the 
service state of most structures.  

Deep Mixing´05 139



 

Figure 18. Variation of shear wave velocity with time, determined in-situ by down-hole tests and in the laboratory by bender 

element tests. 

 

Figure 19. Variation of shear modulus Gmax with time after installation of LC columns, cf. Figure 18. 

 
Figure 20. Shear modulus determined from triaxial tests within shear strain range of 0.5 to 6 %. 
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At failure (about 2 % shear strain), the average modulus 
is 25 MPa, thus only 10 % of the maximum value.  

In Figure 21, the reduction of the shear modulus is 
shown as a function of shear strain for the results from 
triaxial and direct shear tests. The shear modulus has been 
normalized by its maximum value, determined by the 
bender element tests (255 MPa). The modulus reduction 
curves from the triaxial tests fall into a relatively narrow 
band. The shear modulus values from the direct shear tests 
are significantly lower. The lower modulus values in the 
case of the direct shear tests can be explained by the 
difference of failure mechanism (failure plane in a 
horizontal direction, which corresponds to the plane of 
mixing).  

Figure 22 shows the shear modulus at approximately 0.6 
% and 2.0 % shear strain, determined from triaxial tests at 
different confining pressures. The shear modulus is 
generally higher for the columns with lower mixing 
quantity (28 kg/m) – which is surprising, and increases with 
confining pressure. However, the increase is not as 
pronounced as could be expected from date in naturally 
deposited soils. This may be explained by the fact that the 
variation of the confining pressure for columns with high 
stiffness is relatively low. 

 
6.3 Shear Strength of LC Columns 
The shear strength of samples from LC columns with 
different mixing quantities was determined by undrained, 
triaxial and direct shear tests, Figure 23. An estimate of the 
average shear strength for the tested samples is given by the 
following relationship 0150 tan 45f kPaτ σ= + .  

The cohesion intercept is 150 kPa and the friction angle 
is 45 degrees. The lower boundary of all data is given by a 
cohesion intercept of 150 kPa and a friction angle of 30 
degrees. Good agreement exists between the results from 
triaxial and direct shear tests. However, no distinct 
difference of shear strength could be observed between 
samples with low and high mixing quantities. 

The ratio between the unconfined compressive strength 
and the elastic modulus can also be estimated, based on 
data shown in Table 2. The average value, E50/qu is 134 
(97 – 174) for columns with a mixing quantity of 28 kg/m 
(99 kg/m3) and 149 (76 – 252) for a mixing quantity of 44 
kg/m (156 kg/m3). 

 
7 ESTIMATION OF DEFORMATION 

PROPERTIES BASED ON SEISMIC TESTS 
The results presented in this paper demonstrate that it is 
possible to estimate the deformation properties of the 
unstabilized soil and of the LC columns using seismic 
methods. The first step is to estimate or measure the shear 
wave velocity. In fine-grained soils, Fig. 7 provides 
sufficiently accurate values of the shear modulus at small 
strain if the water content and the undrained shear strength 
are known. The shear modulus at operating conditions 
(shear strain range of 0.1 – 0.5 %, which corresponds to a 
factor of safety of 2 – 3), can be estimated using the 
modulus reduction factors shown in Fig. 8. For typical 

consolidated clays with a water content of 40 – 50 % and a 
plasticity index of 20 – 30, the shear modulus ratio at small 
strains, max / fu aG pτ is about 900. Assuming a modulus 
reduction factor of Rm is about 0.3. In the case of clay with 
undrained shear strength of 10 kPa, the shear modulus at 
undrained loading is about 28 MPa. Assuming Poisson’s 
ratio for undrained conditions: 0.49ν = , the following 
modulus values are obtained: E = 84 MPa. The stiffness 
ratio / fuE τ is then about 8500. 

For the case of LC columns with a mixing ratio of 100 – 
150 kg/m3, the shear wave velocity after hardening will be 
on the order of 350 – 400 m/s, which corresponds to a shear 
modulus at small strains of Gmax = 245 – 320 MPa. Results 
from laboratory tests, Fig. 21, indicate that the shear 
modulus decreases during undrained loading at 1 – 2 % 
shear strain to about 15% of the maximum value. Thus, the 
shear modulus at failure will be on the order of 37 – 48 
MPa. The equivalent modulus values are E = 110 – 143 
MPa. The undrained shear strength of the lime column 
depends on the confining stress, cf. Fig. 23. However, if an 
average value of 300 kPa is assumed, the ratio / fE τ  about 
480. If a lower boundary value for the shear strength of 150 
kPa is assumed, / fE τ  about 950. The equivalent values for 
the ratio 50 / uE q will be 240 – 475, cf. Fig. 9. However, the 
scatter in Fig. 9 is very large.  

8 SUMMARY AND CONCLUSIONS  
The static and dynamic modulus of soils is important for 
many geotechnical design problems. In spite of that, little 
guidance can be found in the geotechnical literature 
concerning the assessment of deformation properties of LC 
columns during static and dynamic loading.  

Seismic tests can be used to determine the shear wave 
velocity in the field and in the laboratory. Different 
methods are available for evaluation of seismic test. The 
most reliable method for determining the shear wave 
velocity is by cross-correlation.  

The shear modulus at small strains, Gmax can be 
calculated based on shear wave velocity measurements.  

The rate of loading during a seismic test is surprisingly 
slow and comparable to that of a conventional static test. 
Thus, it is possible to determine the static deformation 
modulus at small strains from seismic tests.  

A semi-empirical relationship is proposed which can be 
used to estimate the shear modulus of fine-grained soils. 
The ratio of the shear modulus and the undrained shear 
strength can vary within a wide range, from 200 for plastic 
clays to 2000 for silty clays, cf. Figure 7. The most 
important parameter, which determines the relationship 
between the shear modulus at small strains and the 
undrained shear strength, is the natural water content (void 
ratio). For the analysis of many dynamic problems at the 
design stage, the empirical correlation given in Figure 7 
(Eq. 7) may be sufficient. However, in organic soils, the 
underlying database is not sufficient to make reliable 
predictions.  
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Figure 21 Decrease of shear modulus with shear strain for triaxial and direct shear tests. 

 
Figure 22. Variation of shear modulus Gmax with confining stress at 0.6 and 2.0 % shear strain for columns with 
different mixing quantities. 

 
Figure 23. Shear strength of samples from LC columns determined by triaxial and direct shear tests.
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It is generally recommended to verify the assumed 
modulus values by seismic field or laboratory tests. 

The most important reason for the difference between 
the static and the seismic modulus is strain amplitude. 
Seismic tests are performed at very low shear strain levels 
(about 0.001 %). In the case of static tests the shear strain 
amplitude is in the range of 1 to 5 %. Within this strain 
range, the shear modulus decreases markedly and this effect 
can not be neglected. 

Extensive field and laboratory tests were carried out on 
lime cement (LC) columns, manufactured by dry mixing, 
with two quantities of stabilizing agent (28 and 44 kg/m). 
Excavation of several columns showed that mixing 
produced relatively homogeneous columns. However, the 
content of mixing agent varied across the column area.  

Seismic tests were performed in the field (down-hole 
test) and in the laboratory (bender element test). In the 
laboratory, triaxial and direct shear tests were performed on 
samples recovered from LC columns. The shear wave 
velocity in the soft, organic clay was about 40 m/s between 
2.5 and 5.5 m depth. 

The seismic tests clearly demonstrated that the shear 
modulus increases with time after installation of LC 
columns. Approximately 100 days after installation, the 
shear wave velocity increased in the columns to about 355 
m/s. Based on limited data it can be assumed that the curing 
period is at least 100 days, but probably longer.  

The maximum shear modulus of the LC columns was 
Gmax = 255 MPa at 0.001 % shear strain. The shear modulus 
of LC columns appears not to be influenced significantly by 
confining stress. 

The modulus was also measured by static triaxial tests. 
The shear modulus decreases at 0.6 % shear strain to about 
20 % of the maximum modulus value, and at failure (2 %) 
to about 10 %. At normal operating conditions (at a strain 
level of approximately 0.5 %), the shear modulus is twice 
as high compared to failure conditions. 

A method for estimating the stiffness of the unstabilized 
soil and of the stabilized lime columns is proposed, based 
on the results of seismic field and laboratory tests. The 
undrained shear strength of the investigated lime cement 
columns was determined by direct shear and triaxial tests. 
Good correlation between the two testing methods was 
obtained. The average shear strength can be defined by a 
cohesion intercept of 150 kPa and a friction angle of 45 
degrees. The lower boundary is given by a cohesion 
intercept of 150 kPa and a friction angle of 30 degrees.  

Surprisingly little difference of modulus and strength 
values was observed between samples with different mixing 
quantities: 28 (99 kg/m3) and 44 kg/m (156 kg/m3). 
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ABSTRACT: The strength of deep mixed material is highly variable, even at a single construction site, due to variability of 
the in-situ soil, variability of mixing effectiveness, and other factors.  Statistical analyses of data sets from several projects 
in the United States were performed 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, the degree of spatial correlation between columns, 
and the relationship between unconfined compression strength and Young’s modulus.  

1 INTRODUCTION 
The deep mixing method is widely used to support 
embankments in Europe, Asia, North America, and other 
parts of the world.  The strength of deep mixed material is 
highly variable, even at a single construction site, due to 
variability of the in-situ soil, variability of mixing 
effectiveness, and other factors.  To assess the extent of this 
variability, data sets of measured strengths of deep mixed 
material have been collected from several projects in the 
United States of America.  Statistical analyses of these data 
sets have been performed to determine the types of 
distributions that best match the data, values of the 
coefficient of variation, and other statistical parameter 
values. The degree of spatial correlation between columns 
was also assessed.  These results can be used in slope 
stability analyses to demonstrate the impact of variability of 
deep mixed material on reliability against slope failure.  
The data and analyses are also useful for establishing 
construction specifications because (1) they embody case 
history data of what has actually been achieved on several 
construction projects and (2) they provide means for 
designers to determine the deep mixing quality needed to 
achieve a desired level of reliability. 
 In the wet method of deep mixing, water-cement slurry 
is mixed with the soil.  In the dry method of deep mixing, 
dry lime and/or dry cement is mixed with the soil.  Deep 
mixing methods are described by Porbaha (1998), Bruce 
and Bruce (2003), CDIT (2002), EuroSoilStab (2002), 
Broms (2003), and others.  The engineering properties of 
soils stabilized by the deep mixing method are influenced 
by many factors including the water, clay, and organic 
contents of the soil; the type, proportions, and amount of 
binder materials; installation mixing process; installation 
sequence and geometry; effective in-situ curing stress; 
curing temperature; curing time; and loading conditions.  
Given all the factors that affect the strength of treated soils, 
the Japanese Coastal Development Institute of Technology 
(CDIT 2002) indicates that it is not possible to predict 
within a reasonable level of accuracy the strength that will 
result from adding a particular amount of reagent to a given 
soil, based on the in-situ characteristics of the soil.  
Consequently, mix design studies must be performed using 

soils obtained from a project site.  Even relatively modest 
variations in binder materials may result in greatly different 
properties of the mixture.  Furthermore, engineering 
properties of mixtures are time dependent due to long-term 
pozzolanic processes that occur after mixing cement or lime 
with soil. 
 Most strength and stiffness information about deep 
mixing method (DMM) materials comes from laboratory 
tests of unconfined compressive strength performed on (1) 
samples made in the laboratory by mixing cement grout or 
dry cement-lime reagent with soil from a project site, (2) 
wet grab samples taken during construction, and (3) core 
samples obtained from deep mix elements constructed and 
cured in the field.  The primary focus of this paper is on test 
results from wet grab samples and core samples obtained 
from DMM elements installed in the field, not on tests 
performed on laboratory-prepared specimens.  In general, 
engineering property values for DMM materials can be 
obtained from unconfined compression tests, triaxial 
compression tests, direct shear tests, oedometer tests, and 
hydraulic conductivity tests.  Of these tests, the unconfined 
compression test is by far the most common. 
 A reference that is especially valuable for statistical 
analyses of DMM strength data from columns installed in 
the field is a report by McGinn and O’Rourke (2003) that 
describes the results of a large DMM testing program from 
the Boston Central Artery/Third Harbor Tunnel (CA/T) 
Project.  In the emerging DMM field, where testing data 
from projects in the U.S. are often not easily accessible, this 
report provides abundant data concerning many engineering 
properties of the improved soil, and it presents statistical 
analyses to illustrate the variability in this form of ground 
improvement for an important project.   
 
 
2 BASIC STATISTICS 
Common measures of statistical variance include the 
standard deviation, σ, and the coefficient of variation, V.  
The coefficient of variation is simply the standard deviation 
divided by the mean, and it is often more useful than the 
standard deviation.  The variability of strength data 
provided from six separate sources is shown in Table 1.  
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Table 1.  Basic Statistics for Unconfined Compression Strength from DMM Projects. 
 

      Strength   
Project # Tests Mean σ V Source 

 

Sample 
Type 

  (MPa) (MPa)   

Baker Library Wet Grab 81 1.44 0.66 0.459 

Capitol Visitor Center Wet Grab 44 1.01 0.5 0.494 

Knafel Center Wet Grab 106 1.56 0.81 0.522 

Total  231 1.41 0.74 0.520 

Weatherby 
(2004) 

Port of Oakland Core 118 2.98 1.55 0.521 

Oakland Airport Core 184 3.54 1.57 0.445 

Total  302 3.20 1.58 0.494 
Yang (2004) 

Glen Road Interchange Ramps G&F Core 184 3.26 1.12 0.343 

Glen Road Interchange Ramps H&E Core 634 2.84 1.21 0.425 

Total  818 2.94 1.24 0.421 

Dasenbrock 
(2004) 

Blue Circle / Kinder Morgan Cement 
Silos Wet Grab 487 4.7 3.49 0.742 Burke (2004) 

Jackson Lake Dam: Owner Samples Core 340 4.83 3.05 0.633 

Jackson Lake Dam: Contractor Samples Wet Grab 1683 2.83 1.79 0.633 

Jackson Lake Dam: Owner Samples Wet Grab 546 2.70 1.44 0.534 

Total  2569 3.06 2.06 0.672 

Farrar (2004) 

I-95 Interchange: Dry method Core 473 2.84 1.9 0.669 

I-95 Interchange: Wet method Core 2199 3.42 2.27 0.663 
Total  2672 3.32 2.22 0.669 

Shiells (2004) 

 
 
The data sets from these sources have been separated where 
there is indication of change in site conditions, mixing 
method, or type of sample taken.  All of the projects in 
Table 1 used the wet method of deep mixing, except for the 
dry-method columns that were used at a test location for the 
I-95 interchange project.  In cases where data has been 
separated for these reasons, statistics are also presented for 
the total set of all samples.  The statistical information from 
all samples from each source may help demonstrate 
differences in variability that arise due to other factors that 
can affect strength, such as regional geology and 
construction practices.  
 Statistical information in the literature indicates that 
there is a large variation of strength for improved soil 
created by deep mixing methods.  Values of the coefficient 
of variation, V, reported in the literature typically range 
from 0.3 to 0.6, although values of V as low as 0.15 and as 
high as 1.35 have been reported (Honjo 1982, Unami and 
Shima 1996, Matsuo 2002, McGinn and O’Rourke 2003).  
Values in Table 1 show a variation of strength for improved 
soil from the projects investigated in this paper consistent 
with the values presented in the literature.    
 
 
 

 
 
3 DISTRIBUTIONS 
McGinn and O’Rourke (2003) fit strength data from DMM 
construction at the Boston Central Artery project to both 
normal and lognormal distributions. 
 In this paper, we evaluate the goodness of fit for the 
normal, lognormal, uniform, and triangular distributions 
against the strength data from each project included in 
Table 1.  For example, Figure 1 shows data from the Glen 
Road Interchange Ramps H & E plotted with normal, 
lognormal, uniform, and triangular distribution functions.  
It can be seen that the lognormal distribution provides a 
good fit to the data. 
 The Chi-square test and the Kolmogorov-Smirnov (K-
S) test were used to evaluate the goodness of fit for each 
distribution to the data for each project.  These tests show 
that the lognormal distribution function generally fits the 
strength data better than the normal, uniform, or triangular 
distributions. 
 The results of the K-S test are shown in Table 2.  Low 
values of the test statistic for K-S indicate a better fit of the 
data to the distribution than do high values.  The K-S test is 
based on the distance from the measured number of 
samples to the predicted number of samples from the 
cumulative distribution function.  An excess or deficient 
number of low strength values tend to greatly influence the 
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K-S goodness-of-fit test because it offsets the entire 
cumulative data distribution.  Figure 2 shows data from the 
Glen Road Interchange Ramps H & E plotted with the 
lognormal cumulative distribution function. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Table 2.  Kolmogorov-Smirnov Goodness-of-Fit Parameter for DMM Strength Data. 
 

Distribution  
Project Normal Lognormal Uniform Triangular 

Baker Library 0.125 0.044 0.334 0.159 
Capitol Visitor Center 0.197 0.127 0.326 0.255 
Knafel Center 0.140 0.043 0.332 0.209 

Port of Oakland 0.092 0.053 0.488 0.348 
Oakland Airport 0.074 0.047 0.339 0.169 

Glen Road Interchange Ramps G&F 0.081 0.026 0.339 0.163 
Glen Road Interchange Ramps H&E 0.064 0.025 0.774 0.135 

Blue Circle / Kinder Morgan Cement Silos 0.097 0.039 0.622 0.334 
Jackson Lake Dam: Owner Core Samples 0.107 0.021 0.882 0.286 
Jackson Lake Dam: Contractor Wet Samples 0.077 0.043 0.467 0.045 
Jackson Lake Dam: Owner Wet Samples 0.102 0.070 0.464 0.260 

I-95 Interchange: Dry method 0.110 0.080 0.277 0.495 
I-95 Interchange: Wet method 0.068 0.050 0.999 0.078 

 
 
4 REGRESSION ANALYSES 
The influence of five variables (cement content of the 
mixture, water-to-cement ratio of the slurry, age of cured 
specimens, water content of the mixture after curing, and 
specimen depth) on unconfined compression strength was 
investigated using multiple variable regression analyses.  
Every source provided a different combination of these five 
variables along with unconfined compression strength.  The 
number of data points for each variable from every project 
is shown in Table 3.   

 Table 4 identifies every variable as either “controlled” 
or “uncontrolled” based on whether or not the variable can 
be accounted for in design or controlled during 
construction.  For example, the effects of water-to-cement 
ratio of the slurry, age, and depth are known and/or 
controllable variables, so they can be accounted for in 
design.  However, the water content of the cured mixture is 
an outcome of the process, and the values provided to us 
were measured after curing and testing, so this variable 
cannot be accounted for during the design process.  In the 
case of cement content, when it is reported as a target value, 

Figure 1.  Four Distribution Types for 
Strength Data from Glen Road Interchange 
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Figure 2.  Lognormal Cumulative Distribution 
for Glen Road Interchange Ramps H & E. 
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this parameter can be accounted for in design and is 
considered controlled; when it is reported as measured on 
specimens after mixing and curing, it is an outcome of the 
mixing process and it represents variability that cannot be 
accounted for in design, and so it is considered uncontrolled 
in this case. 
 Sources in the literature suggest that the strength of 
cement-mixed soil is a function of the logarithm of age as 
well as the logarithm of water content (e.g., McGinn and 
O’Rourke 2003, Jacobson et al. 2003).  Accordingly, the 
influence of the logarithm of those variables was 
investigated, along with a linear relationship with cement 
content, water-to-cement ratio of the slurry, and depth. 
 Based on the results from preliminary analyses using 
several combinations of these factors shown in Table 3, it 
was evident that age and water-to-cement ratio of the slurry 
are the two parameters that can be controlled and that may 
have a significant correlation with measured strength in 
some cases.  Consequently, an additional set of regression 
analyses was performed using only age and water-to-
cement ratio of the slurry.  Case 1 below correlates a linear 
value of strength with the logarithm of age and a linear 
contribution from water-to-cement ratio of the slurry.  
Because strength is a function of the logarithms of age and 
water content of the mixture, Case 2 uses a linear value of 
strength with the logarithm of age and logarithm of water-
to-cement ratio of the slurry.  Case 3 uses the logarithm of 
strength with the logarithm of age and the logarithm of the 
water-to-cement ratio of the slurry. 
 
1)  qu = intercept + A * ln (age) + D * (w/c) 
2) qu = intercept + A * ln (age) + D * ln(w/c) 
3)  ln(qu) = intercept + A * ln (age) + D * ln(w/c) 

 The regression analysis results for Case 1 are in Table 
5, which shows that strength is correlated with age and 
water-to-cement ratio of the slurry for some of the project 
data sets.  None of the R2 values are especially high, and 
several values are equal to or close to zero.  The R2 values 
for Cases 2 and 3 are not reported here, but the differences 
among the R2 values for Cases 1 through 3 are small, 
indicating that these three methods are approximately 
equivalent. 
 By removing systematic influences of age and water-
to-cement ratio of the slurry, the variation of strength data 
should be reduced.  The results of such analyses are 
presented in Table 6, where it can be seen that the reduction 
in variance is significant in cases where the R2 values in 
Table 5 are significantly greater than zero.  The values of 
variance with the trend of controllable variables removed is 
more representative of variability due to in-situ conditions 
and construction procedures than is the total variability.  
Table 6 also shows that the reduction in variance is about 
the same for Cases 1 through 3, which again indicates that 
these correlation approaches are approximately equivalent. 
 Figure 3 shows the relationship between the measured 
strength values and the strengths calculated using 
regression Case 1 with the coefficients in Table 5 for the 
data from the Baker Library/Capitol Visitor Center/Knafel 
Center projects, for which the value of R2 is 0.61.  Figure 4 
shows the same type of relationship for the data from the 
Blue Circle/Kinder Morgan project, for which the value of 
R2 is 0.22.  It can be seen that the predictive value of the 
regression is greater for the data in Figure 3 than for the 
data in Figure 4.  Regressions with high values of R2 could 
be useful for optimizing construction operations. 

 
 

 

 
Table 3.  Number of Recorded Values for Each Variable. 

 
 

Project 
Strength 
values 

Cement 
content 

Water-to-
cement 

Water 
content 

 
Age 

 
Depth 

Baker Library /  
Capitol Visitor Center / 
Knafel Center 

231 0 231 0 231 231 

Port of Oakland /  
Oakland Airport 

302 0 0 302 302 302 

Glen Road Interchange 818 818 818 184 818 818 
Blue Circle / Kinder Morgan  487 470 0 0 474 487 
Jackson Lake Dam 3083 (1) 3089 3089 2078 3088 3097 
I-95 Interchange 2672 0 124 2670 2672 2672 

Total 7593 4377 4262 5235 7586 7608 
(1) Data from Jackson Lake Dam included 514 strength values from tests other than unconfined compressive strength. 
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Table 4.  Variables Considered in Regression Analysis 
 

Project Cement 
content(1) 

Water-to- 
cement 

Water content Age Depth 

Baker Library /  
Capitol Visitor Center / 
Knafel Center 

 controlled  controlled controlled 

Port of Oakland /  
Oakland Airport 

  uncontrolled controlled controlled 

Glen Road Interchange controlled(2) controlled uncontrolled controlled controlled 
Blue Circle / Kinder 
Morgan  

uncontrolled   controlled controlled 

Jackson Lake Dam uncontrolled controlled uncontrolled controlled controlled 
I-95 Interchange   uncontrolled controlled controlled 

 
(1) Cement content is listed as controlled when it is a specified value, whereas cement content is listed as uncontrolled when 
it is a measured quantity from the sample. 
(2) Ramps G&F are at a cement content of 270 kg/m, and Ramps H&E are at a cement content of 300 kg/m. 

 
 

Table 5.  Regression Coefficients and R2 Values for Case 1. 
 

Project Intercept A D R2 
Baker Library 3.95 0.494 -2.24 0.62 
Capitol Visitor Center -0.61 0.490 0.221 0.68 
Knafel Center 1.95 0.631 -1.14 0.64 

Total 2.72 0.545 -1.57 0.61 
Oakland Airport 3.880 -0.105  0.00 
Port of Oakland 1.158 0.538  0.01 

Total 3.349 -0.044  0.00 
Glen Road Interchange Ramps G&F 1.194 0.763  0.23 
Glen Road Interchange Ramps H&E 4.37 0.877 -0.0321 0.48 

Total 0.549 0.904  0.22 
Blue Circle / Kinder Morgan Cement Silos 0.142 1.560  0.22 
Jackson Lake Dam: Owner Core Samples -17.0 -0.03 17.3 0.04 
Jackson Lake Dam: Contractor Wet Samples -2.86 1.52 0.949 0.61 
Jackson Lake Dam: Owner Wet Samples -1.12 1.16 0.369 0.52 

Total -4.07 1.34 2.37 0.43 
I-95 Interchange: Dry method 2.947 -0.027  0.00 
I-95 Interchange: Wet method 3.880 -0.125  0.00 

Total 3.800 -0.130  0.00 
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Table 6.  Variation in Strength with and without Consideration of Trends 

Due to Age and Water-to-Cement Ratio of the Slurry. 
 

 Variance Variance with trend removed 
Project  Case 1 Case 2 Case 3 

Baker Library 0.459 0.179 0.174 0.169 

Capitol Visitor Center 0.494 0.168 0.168 0.130 

Knafel Center 0.522 0.194 0.199 0.235 

Total 0.520 0.205 0.209 0.221 

Oakland Airport 0.521 0.524 0.524 0.521 

Port of Oakland 0.445 0.443 0.443 0.440 

Total 0.494 0.496 0.496 0.496 

Glen Road Interchange Ramps G&F 0.343 0.265 0.265 0.272 

Glen Road Interchange Ramps H&E 0.425 0.223 0.223 0.215 

Total 0.421 0.330 0.330 0.325 

Blue Circle / Kinder Morgan Cement Silos 0.742 0.589 0.589 0.530 

Jackson Lake Dam: Owner Core Samples 0.633 0.608 0.608 0.604 

Jackson Lake Dam: Contractor Wet Samples 0.633 0.246 0.246 0.225 

Jackson Lake Dam: Owner Wet Samples 0.534 0.255 0.255 0.273 

Total 0.672 0.386 0.386 0.313 

I-95 Interchange: Dry method 0.669 0.670 0.670 0.670 

I-95 Interchange: Wet method 0.663 0.662 0.662 0.662 

Total 0.669 0.668 0.668 0.668 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 SPATIAL CORRELATION 
Spatial correlation is a measure of how closely values at 
one location match values at other locations.  For variables 
that are spatially correlated, values measured at locations 
closer together are more representative of one another than 
are values measured at locations farther apart.  When 
measurements are taken at great distance from one another,  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
there should be no spatial correlation between values.   
Studies of spatial correlation are applicable to 
measurements of DMM strength from samples taken at 
various locations in the field.   
 The amount of spatial correlation can be estimated 
using plots of correlation versus distance.  These plots, 

Figure 4.  Measured vs. Predicted Strengths 
for DMM Data from the Blue Circle / Kinder 

Mogan Cement Silos. 
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Figure 3.  Measured vs. Predicted Strengths 
for DMM Data for the Baker Library / Capitol 

Visitor Center / Knafel Center. 
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known as correlograms, were determined for unconfined 
compression strength measurements from installed DMM 
columns using a four-step process: (1) column coordinates 
are used to find the distance from each column to every 
other column in a data set, (2) pairs of columns are then 
sorted according to separation distance and stored along 
with the strength measurements for the columns, (3) a “lag 
distance” is used to collect pairs of columns into discrete 
bins according to their separation distance, and (4) the 
correlation between strength values for pairs of columns is 
plotted as a function of separation distance.  Variowin 
(Pannatier 1995) is a computer program that was used to 
perform all of four of these steps in two dimensions.   
 The only data set for which we had sufficient 
information to perform spatial correlation studies is the      
VDOT I-95/Route 1 interchange data.  There are 206 
columns with coordinate and strength information for this 
data set. 
 Several test results are available at each column 
location because columns were sampled at several depths, 
and these samples were tested at different curing times.  
The Variowin software cannot perform a 2D analysis with 
multiple strength values at the same X-Y coordinates.  Two 
approaches have been considered for addressing this, both 
of which are recommended in the Variowin manual: (1)  
average all values at each location and (2) use the minimum 
value at each location.  As shown below, both approaches 
yield the same spatial correlation for this data set. 
   Lag distances of 3, 6, 9, and 12 m were used in these 
analyses, and they all produced the same correlation 
between strength values for pairs of columns as a function 
of separation distance.  For the results presented below, a 
lag distance of 6 m was used. 
 The number of column pairs is a function of the 
number of columns.  The 206 columns for this data set 
results in 21,115 column pairs.  This set of strength data 
includes columns installed by the wet method and columns 
installed by the dry method.  In addition to the analyses 
performed on the collection of all samples, the data set was 
separated by method of installation and re-evaluated.  There 
are only 36 columns installed by the dry method in the data 
set, which translate to 630 column pairs.  The remaining 
170 columns installed by the wet method comprise 14,365 
column pairs.   
 The analysis was performed using minimum strength 
values at each column location, and also by using average 
strength values at each location. Either method of column 
strength characterization resulted in the same spatial 
correlation.  The spatial correlation of strength data was 
also analyzed after separating columns by installation 
method (wet or dry).  The results of these investigations 
based on average and minimum strengths for columns  
installed by the wet method are shown in Figures 5 and 6.  
The results for the minimum strengths for columns installed 
by the dry method are shown in Figure 7.  These figures 
plot ρ versus separation distance for each case, where ρ is 
the correlation between values at the origin and values 
separated from the origin.  A value of ρ equal to 1 indicates 
perfect correlation, and a value of ρ equal to zero indicates 

no correlation.  In Figures 5 through 7, values of ρ that 
happen to be less than zero represent scatter about the trend 
towards no spatial correlation.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 El-Ramly et al. (2002) demonstrate the use of the 
autocorrelation distance, δ, to represent spatial correlation 
in engineering analyses.  In this approach, measurements 
from points closer than the autocorrelation distance are 
assumed to be perfectly correlated, while measurements 
from points farther than the autocorrelation distance are 
assumed to be completely independent.  Baecher and 
Christian (2003) illustrate how to estimate the 
autocorrelation distance by matching Equation (1) to a plot 
of correlation versus separation distance for a particular 
data set:  
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Figure 5.  Correlogram using Average  
Values for Wet Method Samples from 

 I-95 Rt. 1 Interchange. 

δ=12m 

0 25 50 75 100 125
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

 

C
or

re
la

tio
n,

 ρ

Separation Distance, h (m)

Deep Mixing´05 151



  

where h = the separation distance.  According to Equation 
(1), ρ equals 1 when h = 0, and ρ asymptotically 
approaches zero as h increases. 
 As shown in Figures 5 and 6, the value of δ = 12 m in 
Equation (1) produces good approximation of the spatial 
correlation for the minimum strength data from columns 
installed by the wet method, whether the strength is 
represented by either the average or the minimum strength 
from each column.  Figure 7 shows that there is very little 
spatial correlation for the minimum strength data from the 
columns installed by the dry method.  This may simply be 
due to the relatively small number of sample pairs available 
for the dry mix method in this data set, or it may reflect a 
real difference between the spatial correlations produced by 
the dry mixing method and the wet mixing method.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6 MODULUS VALUES 
The Young’s modulus, E, of DMM improved soils is 
widely assumed to be directly proportional to the 
unconfined compressive strength, qu, of the improved soil.  
The ratio of E/qu ranges from 75 to 1000 for wet mix soils 
(Fang et al. 2001, CDIT 2002, McGinn and O’Rourke 
2003) and ranges from 75 to 300 for dry mix soils (Baker 
2000, Broms 2003, Jacobson et al. 2003).   
 The secant modulus of elasticity, E50, is defined as the 
slope of the line extending from the origin of the stress-
strain plot to the point corresponding to half the maximum 
stress.  The value of E50 is frequently used as the Young’s 
Modulus for DMM materials.  In this paper, E50 values 
were determined from 2672 unconfined compression tests 
performed on samples from the I-95/Route 1 interchange 
project.  Judgment is sometimes required in choosing the 
secant modulus from the plot of stress versus strain in an 
unconfined compression test in order to account for seating 
effects at the specimen ends.  To standardize determination 
of modulus values from all 2672 samples, the E50 values 

presented here are the slope of the line from the point 
corresponding to one quarter of the maximum stress to the 
point corresponding to one half of the maximum stress.  
Due to erratic stress-strain data in some of the tests, 144 
values of E50 determined in this manner were judged to be 
unacceptable.  The set of data presented as “All samples” in 
Table 7 are the 2528 samples that remained after values 
deemed unacceptable were removed.  Using linear 
regression, the E50/qu value was determined to be 391 for 
this data set, which is plotted in Figure 8.   
 As can be seen in Figure 8, there is a large 
concentration of values with an unconfined compression 
strength around 6.9 MPa (1000 psi).  Many of these values 
are listed in the data set as “>1000 psi” (> 6.9 MPa).  These 
facts indicate that the laboratory procedure often involved 
terminating the unconfined compression test when the 
sample reached approximately 6.9 MPa (1000 psi).  The E50 
value is determined based on the lower part of the stress-
strain curve, so the E50 values are probably accurate while 
the reported qu values clustered around 6.9 MPa (1000 psi) 
are probably low.  Thus, including these results would 
result in artificially high values of the ratio E50/qu.  
Removing the cluster of samples with an unconfined 
compression strength between 6.56 and 7.25 MPa (950 and 
1050 psi) results in the case with 2208 samples listed in 
Table 7.  Removing the samples in this range does lower 
the E50/qu ratio from 391 to 319. 
 Next, outliers in the data set of 2208 samples were 
removed by progressively removing 1%, 2%, and 5% of the 
extreme E50/qu values such that an equal number of extreme 
high and low values of E50/qu were removed for each 
percentage.  This process tends to lower the E50/qu ratio, as 
can be seen in Table 7.  The R2 values lose some 
significance in the process because the data removal 
process eliminates the points that contribute most to low 
values of R2.  Nevertheless, this approach is useful because 
it shows that the values of E50/qu are only moderately 
affected as extreme values are trimmed from the data set.  
 The same type of investigation was performed after 
separating columns installed by the wet method from 
columns installed by the dry method.  Results for the wet 
method, as well as results from the dry method, are 
included in Table 7.  Although the wet mix column 
strengths are much higher than the dry mix column 
strengths, the values of E50/qu are very comparable for the 
two methods of constructing columns.  There is a lot of 
scatter in these trends, as indicated by the relatively low R2 
values, but it appears that a value of E50/qu equal to about 
300 is reasonable for both the wet method and the dry 
method of column construction, based on the data from the 
I-95/Route 1 project.  It is important to note that the data for 
the dry mix method from this project are dominated by 
cement-soil mixtures without lime. 
 

Figure 7.  Correlogram using Minimum 
 Values for Dry Method Samples from 

I-95 Rt. 1 Interchange. 
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Table 7.  E50/qu Values. 
 

Data Set # Samples % E50/qu R2 Installation Method 
All samples 2528  391 0.22 Both Wet and Dry 

After removing qu values 
between 6.56 MPa and 7.25 MPa 2208 100 319 0.18 Both Wet and Dry 

Less 1% extreme E50/qu values 2188 99 285 0.40 Both Wet and Dry 
Less 2% extreme E50/qu values 2166 98 280 0.44 Both Wet and Dry 
Less 5% extreme E50/qu values 2100 95 262 0.51 Both Wet and Dry 

All samples 2071  394 0.21 Wet 
After removing qu values 

between 6.56 MPa and 7.25 MPa 1785 100 314 0.18 Wet 

Less 1% extreme E50/qu values 1769 99 286 0.43 Wet 
Less 2% extreme E50/qu values 1751 98 281 0.45 Wet 
Less 5% extreme E50/qu values 1697 95 267 0.50 Wet 

All samples 457  368 0.26 Dry 
After removing qu values 

between 6.56 MPa and 7.25 MPa 423 100 344 0.19 Dry 

Less 1% extreme E50/qu values 419 99 303 0.25 Dry 
Less 2% extreme E50/qu values 415 98 268 0.33 Dry 
Less 5% extreme E50/qu values 403 95 249 0.45 Dry 

 
 Figure 9 shows the strength data from columns 
installed with the wet method at a different scale, along 
with the trend line and two lines that represent E50/qu ratios 
of 100 and 500 for comparison purposes after filtering the 
high concentration of values where the unconfined 
compression test was terminated, and removing 1% of 
outliers.   
 
 
7 SUMMARY AND CONCLUSIONS 
Data sets of unconfined compressive strengths for DMM 
materials were analyzed to determine basic statistical data, 
goodness of fit to standard distributions, and regressions 
against controllable parameters.  Altogether, 13 data sets 
from 6 sources were analyzed.  In addition, the spatial  

correlation and the ratio of modulus to unconfined 
compressive strength were evaluated for the data from one 
of the sources.  Key findings include the following: 
•  Values of the coefficient of variation ranged from 0.34 

to about 0.74, with an average value of about 0.55. 
•  DMM strength data tends to fit a lognormal 

distribution better than a normal distribution, a uniform 
distribution, or a triangular distribution. 

•  Regression analyses indicated that the strongest 
correlations to unconfined compressive strength 
provided by controllable parameters were with age and 
water-to-cement ratio of the slurry.  The values of R2 
for these correlations ranged from zero to 0.68. 

•  When the trend from the regression analyses were 
removed from the data, the coefficients of variation 
decreased such that the minimum value was 0.17, the 

Figure 9.  Filtered Values of E50 vs. qu for 
Columns Installed with the Wet Method at  

I-95 Rt. 1 Interchange. 
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Figure 8.  E50 vs. qu for Columns Installed with 
the Wet Method at I-95 Rt. 1 Interchange. 
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maximum value was 0.67, and the average value was 
about 0.40.  This result indicates that some of the 
scatter in DMM strength data is associated with 
controllable factors. 

•  Analyses of spatial correlation for strength data from 
wet method columns at the I-95/Route 1 project 
indicate that an autocorrelation distance of 12 m 
provides a good fit to the data.  This means that 
reliability analyses can be performed using zones 12 m 
in lateral extent such that the DMM strength within 
each zone varies independently of the DMM strength 
in other zones. 

•  Analyses of spatial correlation for strength data from 
dry method columns at the I-95/Route 1 project did not 
disclose a spatial correlation in the data.   This could be 
due to the relatively small number of dry method 
columns available for analysis, or it could be due to a 
real lack of spatial correlation for this construction 
method.  Additional analyses of spatial correlation 
would be very worthwhile for the dry method of deep 
mixing. 

•  Analysis of a large data set from the I-95/Route 1 
project indicates that an E50/qu ratio of about 300 is 
appropriate for soil-cement columns constructed by 
either the wet method or the dry method of deep 
mixing. 
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ABSTRACT: Cross-borehole ground penetrating radar (XBGPR) tomography and electrical resistivity (ER) tomography are 
high-resolution geophysical imaging techniques that use in situ geophysical measurements and inversion methods to map the 
subsurface structure.  These methods have successfully imaged numerous subsurface natural and artificial subsurface features 
and may be able to non-destructively evaluate the uniformity and presence of defects in deep-mixed columns.
 
 
1 INTRODUCTION 
Electromagnetic (EM) geophysical imaging techniques use 
discrete geophysical measurements and inversion techniques 
to estimate the subsurface structure.  The imaging methods 
discussed here, cross-borehole ground penetrating radar 
(XBGPR) tomography and electrical resistivity (ER) 
tomography have been used in high-resolution studies of 
fracture detection, contamination detection, and hydrologic 
characterization.  These non-destructive methods might be 
able to evaluate entire deep-mixed columns in situ, which 
would eliminate uncertainty due to spatial variations in 
column quality (i.e., degree of mixing, presence of defects) 
and problems due to sampling for laboratory tests.  Temporal 
measurements are also possible to evaluate strengthening 
reactions.  This paper describes laboratory and computer 
modeling studies that investigated the potential of non-
destructive electromagnetic geophysical methods to evaluate 
deep-mixed columns in situ.   
 
1.1 Electromagnetic Properties of Soil - 

Apparent Dielectric Constant (Ka) & 
Electrical Resistivity (ρρρρ) 

Geophysical methods require property contrasts to map the 
subsurface.  Staab et al. (2004) found that the electromagnetic 
(EM) properties of cement-mixed soils depend on soil type, 
cement content, water content, and time after mixing.  
Cement-mixed and cement-free soils have different EM 
properties, and the EM properties of cement-mixed soils vary 
temporally, whereas unmixed soils show little or no temporal 
variation. 
 Dielectric constant is a measure of how an electric field 
can polarize a material (Bottcher, 1952).  Water has a 
relatively large dielectric constant of approximately 80, 
whereas air has a relatively low dielectric constant of 1.  The 
dielectric constant of deep-mixed soil is a combination of the 
dielectric constants of each component, which typically 

includes water, soil solids, air, and binding agents. This is 
complicated by chemical reactions that occur during the 
cement hydration.  Studies have shown that the dielectric 
constant of Portland cement depends on the water-to-cement 
(w/c) ratio, curing time, and measurement frequency 
(Korhonen et. al., 1997; Gu and Beaudoin, 1996; Zhang et. 
al., 1995). 

Electrical resistivity measures the resistance to electrical 
current flow.  The resistivity of low clay-content formations 
depends on the porosity, degree of saturation (i.e. the amount 
of fluid filling pore spaces), pore water salinity, and 
temperature (Bassiouni, 1994).  Higher temperatures increase 
the ion mobility and decrease resistivity (Sharma, 1997).  
Most mineral grains (except mineral ores and clay minerals) 
are insulators, and pore water is usually electrolytic (i.e., 
contains considerable ions), so electrical conduction is 
primarily related to the amount of pore water present.  The 
resistivity of gravel and sand found in nature ranges from 
approximately 500-10,000 Ω-m (Sharma, 1997). 

For fine-grain soils, especially clay, other factors affect 
resistivity.  In coarse-grain soils, the matrix is considered 
non-conductive.  However, in clay, the matrix contributes to 
the soil conductivity due to clay chemistry.  Clays generally 
have a net negative charge, which attracts pore water and the 
positive ions within the water.  A bound water layer forms 
around clay particles, and electrical double-layer conductance 
occurs when a second, diffuse layer of loosely held cations 
can move in the presence of an electric field (Bassiouni, 
1994).  The resistivity range of clays is approximately 2-100 
Ω-m (Sharma,1997). 

In cement, electrical conductivity results from ionic 
(typically Na+, K+, OH-, SO4

2-, Ca2+) movement in the pore 
solution (Gu et al., 1999).  The resistivity of air-dried 
Portland cement paste and concrete ranges from 6,000 to 
12,000 Ω-m.  Moisture content greatly affects the resistivity 
of cement, and the resistivity of moist cement pastes ranges 
from 10 to 13 Ω-m.  Drying of cement increases its 
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resistivity, although chemical admixtures and chloride ions 
can reduce resistivity in wet cement (Gu et al., 1999). 
 
1.2 Geophysical Methods 
Ground penetrating radar (GPR) is a high-frequency (10 MHz 
- 1 GHz) EM geophysical technique that is commonly used 
for shallow subsurface exploration in low-conductivity media 
(σ < 10 mS/m).  GPR is similar to seismic techniques, 
although seismic techniques operate at lower frequencies and 
provide lower resolution.  However, seismic methods can be 
used to estimate elastic properties, such as Young’s modulus, 
shear modulus, and bulk modulus, for deep-mixed column 
design (Porbaha et al., 2005). 

In low-conductivity materials and at high frequencies, the 
magnetic permeability is often assumed to be that of free 
space, and the EM wave velocity can be estimated using 

 

aK
cv ≈  

 
where c is the speed of light in a vacuum (0.3 m/ns) and Ka is 
the apparent dielectric constant (Davis and Annan, 1989).  
EM wave attenuation can be approximated using 
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where µo is the dielectric permittivity in free space (µo = 4π x 
10-7 H/m), ε0 is the magnetic permeability in free space (ε0 
=8.85 x 10-9 F/m), and σ is electrical conductivity in mS/m 
(Davis and Annan, 1989).  Attenuation measures energy loss 
or the rate of EM wave amplitude decay.  Common units of 
attenuation used are neper (Np) or decibel (dB), where 1 Np = 
8.686 dB. 

GPR tools are too large for laboratory investigation, but 
are well suited to field studies.  Lab-scale Ka measurements 
can be made using time-domain reflectometry (TDR), which 
is sensitive to the same EM properties, dielectric constant and 
conductivity (or resistivity), as GPR.  GPR measurements are 
made at slightly lower frequencies than TDR. 

Electrical resistivity (ER) methods involve injecting 
current into the subsurface through one pair of electrodes and 
measuring voltage through a different pair of electrodes.  
Apparent resistivity, ρa, is calculated using the following 
equation, which is based on Ohm’s law: 

 

GI
V

a
πρ 2=  

 

where V and I are the measured voltage and current, 
respectively, and 2π/G is a factor that depends on the 
electrode geometry (G depends on the electrode configuration 
and distance between different electrode pairs) (Sharma, 
1997).  For heterogeneous structures, apparent resistivity is 
the resistivity of a homogenous medium that would produce 
the same V/I that was measured. 
 
1.3 Applicability to DM columns 
Tamura et al. (2002) and Staab et. al. (2004) found that the 
geophysical properties of cement-mixed and native, unmixed 
soils are measurably different.  Additionally, the geophysical 
properties of cement-mixed soils change over time due to 
cementitious reactions.  By measuring the spatial variation in 
geophysical properties in DM columns, the property contrasts 
between well-mixed and unmixed (or poorly-mixed) soil 
provide a basis to assess column quality and locate defects. 
The advantages of the geophysical evaluation include: 

•  Non-destructive. 
•  Evaluate the entire column or critical column sections. 
•  Create 2-D and 3-D images to assess column 

uniformity and locate defects. 
•  GPR operates at higher frequencies than seismic 

methods and provides greater resolution, which 
enhances the ability for delineating small-scale 
features in tomography. 

 
Potential disadvantages include: 

•  Engineering parameters (e.g., strength, stiffness, etc.) 
not directly measured, unlike seismic methods where 
s- and p-wave velocities can be used to determine 
Poisson’s ratio and elastic moduli. 

•  If small geophysical property contrasts exist between 
cement-mixed and native soil, geophysical evaluation 
may be difficult. 

•  Non-uniqueness in inversion process requires careful 
interpretation. 

 
2 GEOPHYSICAL MEASUREMENT 
 
2.1 Laboratory Measurement 
Staab et al. (2004) prepared laboratory-scale soil-cement 
mixtures to measure Ka and ρ.  Ka was measured using time-
domain reflectometry (TDR), and ρ was measured using a 
Wenner electrode array tool.  Laboratory mixing and curing 
conditions do not replicate field conditions, but are designed 
to produce homogenous, high-quality samples for 
comparative purposes (EuroSoilStab, 2002).  Geophysical 
measurements in the laboratory can be a guide to parameters 
expected in the field. 
 
 
 

(3) 

(1) 

(2) 
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2.2 Field: Sampling or Surface Measurement 
TDR and ER measurement techniques used in the lab can also 
be used in the field to measure Ka and ρ, for example, by 
inserting the respective probes into a column.  However, for 
high resolution imaging, different tool and techniques are 
needed.  For XBGPR tomography surveys GPR transmitter 
and receiver antennas are located on opposite sides of a 
column in cased or uncased boreholes.  EM wave travel-time 
and amplitude measurements are collected manually along the 
entire column length by moving the antennas in the boreholes 
at regular intervals (e.g., 0.25-m is commonly used).  In ER 
surveys, electrode strings (i.e., regularly spaced electrodes) 
are emplaced or located in non-metallic boreholes around the 
column.  Due to the large number of data required for high-
resolution imaging, automated data acquisition systems 
collect discrete I and V measurements for different electrode 
pair configurations.  
 
3  MEASURED EM PROPERTIES OF SOIL-

CEMENT 
 
3.1 Reported EM Properties of Native and 

Cement-Mixed (DM) Soils and Their 
Relationship to Strength 

Table 1 shows the laboratory-measured apparent dielectric 
constant and electrical resistivity of different materials 
measured by Tamura et al. (2002) and Staab et al. (2004).  It 
should be noted that Staab el al. (2004) measured ρ and Ka 
over 56 days therefore a range is reported for the properties.  
Tamura et al. (2002) did not specify when measurements 
were made and only single values for each dosage were 
reported. 

Tamura et al. (2002) also measured the resistivity of wet-
mixed DM columns in clay, silt, and sandy silt.  The 
resistivity of the cement slurry was 0.7 Ω-m, the native soil 
resistivity ranged from 7 – 120 Ω-m, the DM column 
resistivity ranged from 4.4 – 4.8 Ω-m. 

Staab et al. (2004) studied the relationship between 
unconfined compressive strength (UCS) and apparent 
dielectric constant and electrical resistivity in soil cement 
mixtures.  For constant cement content, UCS increases with 
increasing resistivity and decreasing dielectric constant, as 
shown in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 

Table 1 Apparent dielectric constant and electrical resistivity 
values for different soil-cement mixtures measured in the 
laboratory 

Soil 

Initial   
Water 

Content 
(%) 

Cement 
Content 
(kg/m3) 

Apparent 
Dielectric 
Constant, 

Ka 

Electrical 
Resistivity
, ρ,(Ω-m) 

25 0 21.71 21.4 - 
28.9 

18 136 12.6 – 
16.0 

23.5 - 
41.6 

25 136 21.7 - 
28.4 

10.6 - 
16.5 

Kenosha 
(CL)* 

31 136 23.8 - 
38.6 8.1 - 13.2 

29 0 21.3 32.5 - 
36.7 

26 59 13.2 - 
15.3 

22.5 - 
47.8 

18 118 9.1 - 10.2 53.2 - 
113.7 

25 118 14.6 - 
16.7 

22.4 - 
26.8 

Marshfield 
(ML)* 

24 177 12.6 - 
15.3 

22.7 - 
27.7 

Portland 
Cement*  

water : cement = 
0.35 

27.4 - 
50.4 0.8 - 18.9 

0 - 40 
20 - 22 
60 - 15 
100 - 10 

Kuroboku 
(SC-

SM)** 
57.1 

150 - 8 
0 - 10 

20 - 5 
60 - 3 
100 - 2 

Cohesive 
Soil 

(CL)** 
4.7 

150 - 1 
0 - 70 

20 - 15 
60 - 10 
100 - 8 

Sand** 1.2 

150 - 5 
*Staab et al. (2004)  **Tamura et al. (2002) 
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Figure 1 Unconfined compressive strength versus electrical 
resistivity (a) and apparent dielectric constant (b) for constant 
cement content 

 
However, when cement content varies, there is not a 

strong relationship between the geophysical properties and 
UCS, as shown in Figure 2.  Therefore, such correlations are 
system-specific but not general.  In other words, for a given 
soil and cement content, such a relationship can be developed 
and used to predict unconfined compressive strength from the 
EM properties; however, a measured EM property can not be 
uniquely correlated to strength. 
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Figure 2 Unconfined compressive strength versus electrical 
resistivity (a) and apparent dielectric constant (b) for variable 
cement content 

 
4 EM TOMOGRAPHY  
 
4.1 XBGPR & ER Tomography 
In XBGPR tomography, EM wave travel-time and amplitude 
measurements between different transmitter and receiver 
locations and inversion techniques are used to estimate the 
subsurface velocity and attenuation structure, respectively, 
between transmitter and receiver wells. 
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GPR transmitter and receiver antennas are located in 
separate boreholes a few meters apart (Figure. 3).  The 
transmitter emits an EM energy pulse, and the waveform is 
recorded at the receiver.  As the EM waves travel through the 
subsurface they are reflected and refracted due to dielectric 
property changes.  Direct transmission waveforms are 
collected at the receiver antenna for different transmitter and 
receiver positions.  The first-arrival travel time and wave 
amplitude can be determined by analyzing the received 
waveform.  The velocity and attenuation distribution between 
the transmitter and receiver boreholes can then be determined 
by inverting the travel-time and corrected amplitude data 
(Peterson, 2001), which is discussed in detail by Jackson and 
Tweeton (1996). 

 

 
 

Figure 3 Schematic of cross-borehole ground penetrating 
radar (XBGPR) antenna configuration (adapted from Chang 
2003) 

ER tomography uses discrete current (I) and voltage (V) 
measurements and inversion techniques to create high-
resolution images of the subsurface resistivity distribution 
between or around electrode strings (Daily and Owen, 1991).  
Field ER tomography data sets often consist of thousands of 
current and voltage measurements, which necessitates 
automated data collection systems (LaBrecque et al., 1999).  
A schematic of a system used to collect field ER tomography 
data is shown in Figure 4. 
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Figure 4 Schematic of an Automated ERT system (adapted 
from Zonge Engineering and Research Organization, Inc. 
1999) 
 
4.2 Sample Tomographic Images 
XBGPR tomography and ER tomography computer 
simulations were produced by Staab (2004) on hypothetical 
deep-mixed columns and defects.  The material properties 
were as determined in the aforementioned laboratory study.  
The sampling interval and vertical electrode separation were 
0.25-m in all simulations.  However, the cell size used in the 
inversion was 0.25-m for the XBGPR simulations and 0.05-m 
in the ER simulations, so caution should be exercised when 
comparing the images.  Synthetic XBGPR and ER datasets 
were created using 3-D forward modeling schemes.  
However, the XBGPR data was inverted using a 2-D 
algorithm, and ER data was inverted with 3-D algorithm 
(Staab et al. 2005).  The defect presented in all simulations is 
a 0.3-m cube centered in the middle of the column, which is 
outlined in each image. 
 XBGPR velocity (converted to Ka) and attenuation 
tomograms are shown in Figure 5.  Velocity tomography 
detects the defect well; however, artifacts appear around the 
defect, which might be due to averaging in the inversion 
process or the sharp property contrasts between the column 
and defect.  Attenuation tomography does not clearly 
delineate the defect, and more noise is observed in the 
attenuation tomogram.  Velocity depends only on Ka, whereas 
attenuation depends on both Ka and σ. 
 ER tomograms for a dipole-dipole and pole-pole 
electrode configuration are shown in Figure 6.  Both methods 
detect the defect.  However, the dipole-dipole array resolves 
the inclusion defect more clearly and more accurately 
delineates the extent and true resistivity of the defect. 
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Figure 5 XBGPR tomograms of a 1-m column with 0.3-m 
inclusion, (a) velocity (Ka), (b) attenuation 

 

   (b) 

  
(a) 

 

  
(b) 

Figure 6 ERT image of 1-m column with 0.3-m inclusion, (a) 
dipole-dipole array, (b) pole-pole array 
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4.3 Guidelines for Field Configuration/Sampling 
Interval 

Field instrumentation should consider the goals of the 
project.  The sampling interval (GPR) (i.e., vertical spacing 
between positions of the GPR transmitter and receiver 
antennas) or vertical electrode spacing (ER) should be no 
larger than the smallest feature of interest.  That is, features 
smaller than the sampling interval or vertical electrode 
spacing will be difficult to detect and resolve.  However, 
smaller sampling interval/vertical electrode spacing surveys 
require more time to conduct and process, and hence increase 
the cost. 

In commercially-available GPR systems, transmitter and 
receiver antennas are manually positioned in non-metallic or 
uncased boreholes.  A 0.25-m sampling interval is commonly 
used to conduct high-resolution XBGPR surveys.  
Alumbaugh et al. (2002) reported that a XBGPR survey using 
a 0.25-m sampling interval in 4 wells extending to 
approximately 12-m depth required about 6 hours to 
complete.  Higher resolution is possible by reducing the 
sampling interval.  However, decreasing the sampling interval 
by half would quadruple the data collection time (Alumbaugh 
et al., 2002).  The most common XBGPR transmitter center 
frequency reported is 100-MHz, although surveys using 50-
MHz and 200-MHz are also reported.  Higher frequencies 
provide greater resolution, but are prone to greater signal 
attenuation, especially in highly conductive media. 

Automated ER data collection systems allow for various 
electrode separations as well as different electrode 
configurations.  ER electrode strings can be installed in 
uncased or non-metallic cased boreholes or emplaced if 
appropriate field conditions (i.e., soft, obstruction-free) exist. 
 
5 GAPS OF KNOWLEDGE AND 

RECOMMENDATIONS 
XBGPR tomography and ER tomography may be able to 
improve deep-mixed soil evaluation and reduce conservative 
designs due to uncertainty in the finished product.  Their 
primary contribution would be in the area of determining how 
uniform the column is for a given process and if defects due 
to poor mixing exist.  Ideally, XBGPR tomography and ER 
tomography should be conducted in natural ground prior to 
deep mixed column installation to obtain baseline 
measurements.  Subsequent geophysical measurements can 
observe the changes and relate them to the preexisting 
conditions at a given depth at varying times.  These 
techniques initially may be more suitable in proofing a given 
process of deep mixing prior to mass production than routine 
construction quality control.  They also can be employed post 
construction to verify the quality of disputed or suspected 
columns. 

However, the application of these technologies to deep-
mixing is in its infancy and requires further investigation.  

Studies have shown that apparent dielectric constant and 
electrical resistivity are different between cement-mixed and 
unmixed soil, but these geophysical properties are affected by 
many variables, which necessitate careful interpretation.  
There is not a unique relationship between unconfined 
compressive strength and apparent dielectric constant and 
electrical resistivity when cement content varies, so caution 
should be exercised when correlating the geophysical 
properties to strength in the field, where cement content may 
vary.  

Computer modeling suggests that these non-destructive 
geophysical methods may be able to assess column 
uniformity and detect and resolve defects of certain sizes 
given certain resistivity contrasts between column (well-
mixed) and defective (un-mixed or poorly mixed) material.  
Full-scale field studies are needed to verify the usefulness and 
limitations of these techniques. 
 
6 CONCLUSIONS 
Geophysical imaging techniques are promising non-
destructive methods for evaluating deep-mixed columns.  
Studies have shown that the electromagnetic properties of 
cement-mixed and cement-free soil are different, and these 
property contrasts are required for the imaging methods.  The 
imaging methods might be able to evaluate column 
homogeneity and detect and characterize defects.  There 
appears to be strong correlations between geophysical 
properties and strength when cement content is constant.  
However, when cement content varies, the correlation 
between strength and geophysical properties is weak.  Field-
scale studies are needed to evaluate how well these methods 
work on actual mixed systems and for implementing these 
technologies. 
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ABSTRACT: This paper deals in particular with the mechanical behaviour of dredged sediments stabilised with cement. 
The results do suggest that blast furnace cements have a specific potential for the stabilisation of this type of material as 
compared to other binders. The extensive laboratory investigation has been supplemented with sample testing from coring 
in deep mixing field columns.  The important role of the special SSI-field mixing intensity has been highlighted.  
  
 
 
1 INTRODUCTION 
Natural soft soils in-situ are usually encountered in their 
“geologically cemented” state. The environmental factor in 
the geological time framework indeed may be responsible 
for additional bonding of the fabric of the soil, so hiding the 
effects of stress history of a deposit. Soils belonging to such 
category are denominated naturally cemented soils and  
have been extensively studied in the literature (i.e. Nagaraj 
& Miura, 2001). 
 On the other hand, man made cemented soils are those 
where cementation is due to addition of agents over a very 
short period as compared to the geological time scale. Soils 
belonging to this category are the topic of the present 
research work, gaining lots of attention in the last decade as 
the continuously increasing demand for soil improvement 
methods in difficult soil conditions, such as deep mixing, 
requires a more scientific backup. 
 In harbour areas all around the world, there is an 
increasing need of reclaimed land. This fact has 
encouraged, in the Antwerp harbour, the design and 
construction of a 27-m high sand under water embankment 
founded on an 8-m thick soft dredged material in 19 m 
water depth. Obviously, the presence of the soft foundation 
layer material has caused special concern for the stability of 
the embankment; a partial deep mixing improvement of the 
soft material, with addition of a cementing agent, was 
proposed. More details of the construction of this under 
water embankment and the state of progress, Oct. 2004, are 
concisely described in a supplementary contribution 
submitted to this conference.  
 This paper here focuses mainly on the laboratory  
investigation carried out for the evaluation of the 
improvement of the soft fine grained soil with cement. The 
strength and stiffness of the artificially cemented soil were 
the key quality control parameters. Additionally, some field 
inspection has been carried out in order to assess the actual 

improvement of the SSI  deep mixing application (Soft Soil 
Improvement is a technique patented by  HSS) in situ. 
 
 
2 DESCRIPTION OF THE SOIL STUDIED 
 
2.1  Physical properties 
The soil studied here is a man made under water deposit (8 
m thick) of fine grained material; actually, the result of a 
prolonged sedimentation and self-weight consolidation of 
dredged material.  
 The natural water content of the soil (foundation layer) 
is of the order of 115 %, the plasticity index of the order of 
77 and the organic content about 6 %. Table 1 illustrates 
supplementary physical properties of the material. 
 
2.2  Mechanical properties 
The undrained shear strength (cu) of this upper foundation 
layer of the soft dredged material has been evaluated by 
means of extensive laboratory and field testing (Fig. 1). The 
average cu of the deposit varies from 2 to 4 kPa. The 
consolidation behaviour of the material has been assessed 
by means of Constant Rate of Strain and oedometer tests. 
The results suggest that the dredged material is currently in 

Table 1. Physical properties of the virgin deposited 
material. 
 

Index Dredged material 
Liquid limit 124.4 
Plastic limit 46.7 
Plasticity index 77.7 
Natural water content, % 115.0 
Organic content, % 6.0 
Natural lime content, % 13.9 
Sand fraction, % 10.4 
Wet density, g/cm3 1.4 
pH of the pore water  7.2 
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a rather normally consolidated state with a slightly 
overconsolidated thin upper crust. 
 
 
3 STABILISATION IN THE LABORATORY 
 
3.1  Cementing agents 
In this research project a number of 7 different binders have 
been employed. A first overview of the initial outcome of 
these experiences has been already reported by Van Impe et 
al. (2004). In the present article, only the results found for 
artificially cemented soils mixed with Portland (CEM I) 
and Blast furnace cement (CEM III/B) are discussed more 
in detail. The slag content in this blast furnace cement 
employed ranged from 66% to 80%. 
 
3.2  Preparation of stabilised specimens 
The untreated dredged material, collected from a number of 
borings, has been thoroughly remoulded and homogenised 
prior to stabilisation. Moreover, a powerful dough mixer 
has been employed for mixing of soil with a cement slurry 
(with a ratio w/c=0.8 and a binder dosage of 275 kg/m3). 
The mixing time implemented here was about 10 minutes in 
an attempt to recreate the intense SSI-mixing conditions in 
the field.  
 The mix, with a rather liquid consistency, has been 
carefully poured and lightly vibrated with the hand (to 
avoid air trapping) into split PVC moulds with a diameter 
of 57 mm. 
 All specimens were sealed with paraffin and cured 
under water at 10°C (some specimens at 20°C to study the 
temperature effect, cfr. Van Impe et al, 2004 ) without any 
surcharge whatsoever acting on the specimen during the 
curing stage.  
 

3.3  Unconfined compressive strength 
A number of unconfined compression tests have been 
performed at different time intervals (i.e. 7, 14, 28, 56, 84, 
120, 240 and 550 days). The results of the testing 
programme for all specimens cured at 10°C have been 
summarised in figure 2. It can be clearly seen that the 
indicated blast furnace cement performs quite well, 
showing a continuous improvement also in the long term. 
The Portland cement instead allows for rapid hardening 
only during the first days; in fact, its strength was the 
highest during the first month. However, the improvement 
provided by Portland cement seems to cease afterwards for 
some period to finally pick up again after 3 months. Still 
the final compressive strength remains lower than that 
given by the blast furnace cement.  
 The axial strains at failure, illustrated in figure 3 were 
measured only externally by means of LVDT. A certain 
allowance for bedding errors was made by correcting the 
initial part of the stress-strain curve with back-extrapolation 
of  a straight line from the point of maximum modulus. 
 Figure 3 provides some information about the ductility 
of the artificially cemented soil. In spite of some scatter, it 
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Figure 1. Initial undrained shear strength of the 
dredged material  
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Figure 2. Development of Unconfined Compressive 
Strength (UCS) in time.  
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Figure 3. UCS versus axial strain at failure. 
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has been possible to trace the behaviour of specimens 
mixed with each type of cement. From the results it can be 
concluded that specimens mixed with Portland cement are 
of similar brittleness as specimens mixed with blast furnace 
cement, even though their final strength is usually 
considerably smaller. Overall, the strains at failure (ranging 
from 0.9 to 4%) decrease, and so the brittleness increases, 
rapidly with increasing UCS and time.  
 
3.4 Deformation moduli 
Measurements of small-strain shear modulus G0 have also 
been performed by means of bender element testing at 
different time intervals for some of the stabilised specimens 
cured at 10°C.  

 
Figure 4. Bender element test set up 
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Figure 5. S-wave arrival time measured at several 
curing time intervals on specimen mixed with blast 
furnace cement cured under water at 10°C. 

The bender element test set up employed here is given in 
figure 4. The principle of this non-destructive method is 
simple and well know from many literature references. 
 Figure 5 illustrates the S-wave arrival time measured 
for specimens stabilised with blast furnace cement at 
several curing time intervals using an input sinusoidal pulse 
with a frequency of 4 kHz. Each specimen was also tested 
for unconfined compression to measure UCS. As expected, 
a linear relationship between G0, E0 and UCS was observed. 
 Figure 6 summarises the Young’s modulus at small 
strain E0 evaluated here for specimens mixed with Portland 
and blast furnace cements. The modulus for the Portland 
cement was found to be slightly higher but still, a single 
linear correlation has been proposed: E0 ≈ 714 UCS. 
 Similarly, figure 6 illustrates the secant Young’s 
modulus evaluated from unconfined compression tests. 
Although the trend shows some scatter, all data could be 
linearly correlated to UCS as well. It has been found that 
Es50 ≈ 110 UCS. Again, the modulus of the Portland cement 
is slightly higher. In general, E0 is about 7 times Es50. 
 
3.5 Microstructure 
In order to understand better the binder efficiency in the 
samples, the microstructure of laboratory specimens mixed 
with blast furnace cements and Portland cement was 
studied by means of Scanning Electron Microscopy (SEM) 
on specimens cured for about 300 days (Fig. 7). 
 Through the SEM analysis it became obvious that the 
microstructure of the specimens mixed in the laboratory 
with Portland cement and blast furnace cement were 
markedly different.  
 In figure 7, the main products of cement hydration 
have been identified such as the calcium silicate hydrate (C-
S-H phase), the calcium hydroxide (CH) and the needle-
shaped ettringite (AFt).   
 Ettringite is a typical Portland cement early hydration 
product and its presence after such long curing period of 
300  days  denotes probably  an incomplete hydration. Only  
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Figure 6. Young’s modulus at small strain levels (E0) 
and secant Young’s modulus at 50% of deviatoric 
stress (Es50) versus UCS.     
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(a) Specimen mixed with Portland cement 
 

                
 
(b) Specimen mixed with Blast furnace cement 
 
Figure 7. SEM analysis of lab specimen cured for 
about 300 days after mixing with (a) Portland cement, 
(b) Blast furnace cement. Amplification factor x1200. 
 
very locally, a strong C-S-H structure can also be seen (Fig 
7a), however, in a more or less isolated way. 
 The picture looks very different for the specimens 
mixed with blast furnace cement (Fig. 7b).  Here, CH 
crystals can be found uniformly distributed on the surface 
of soil particles along with better and more regularly 
interconnected C-S-H structures, although less strong than 
the C-S-H phase found in Portland cement.  
 These observations could more or less explain indeed 
the strength and stiffness behaviour illustrated in the 
previous sections; a more detailed analysis is still required 
and is currently in progress.         
  
 
4 STABILISATION IN THE FIELD 
The experimentation in the field consisted of sampling of 
core specimens from trial columns to continue later with 
unconfined compression tests in the laboratory.  
 
4.1 Installation of trial columns 
The trial deep mixing columns with a diameter φ ≈ 1.9 m 
have been installed in the site with the SSI technique 
(developed by Hydro Soil Services). This technique makes 
use of pressurised and mechanical mixing to create a pre-

determined configuration of either improved columns or 
full mass stabilisation. The trial columns (under water) 
were executed from a jack-up platform. State of the art 
positioning systems ensured that the mixing tool was 
precisely located at each column position. The mixing tool 
employed here, about 1.5m wide, is fixed to a central 
drilling rod and consists of a horizontal blade provided with 
2 sets of uniformly distributed nozzles for high and low 
pressure injection. The high pressure injection system (of 
the order of 20 to 30 MPa) cuts the soil and allows for 
intense mixing while the low pressure injection system (up 
to 5 MPa) adds the remaining amount of cement slurry to 
fulfil the required dosage.  A more detailed description of 
the performance of the method in the test site can be found 
elsewhere (Van Mieghem et al., 2004).   
 Only blast furnace cement has been used for the field 
experimentation. The cement was mixed into a slurry 
(w/c=0.8) and injected during downwards and upwards 
operation of the drilling rod to accomplish a binder dosage 
of about 275 kg/m3.  
 
4.2 Unconfined compressive strength 
A number of core specimens (φ = 100 mm) obtained over 
the full length of the trial columns have been tested to 
evaluate the actual unconfined compressive strength.  
 Figure 8 compares the strength evaluated from core 
specimens to that obtained on laboratory prepared 
specimens (after a curing period of 56 days). The UCS in 
the field ranges from 2 to 5 MPa in the upper 5 m and from 
5 to 8 MPa in the lower zone where a higher content of 
sand was observed. On the other hand, the UCS resulting 
from the laboratory investigation is of the order of 0.9 MPa.  
 This founding suggested that the ordinary practice of 
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Figure 8. UCS of core specimens from SSI-
stabilised dredged material in the field 
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mechanical mixing (with a dough mixer) of specimens in 
the laboratory underestimates severely the actual strength of 
columns installed with pressurised mixing by means of the 
SSI method (a factor of 2 to 5).  
 
 
5 EVALUATION OF DISCREPANCY BETWEEN 

LABORATORY AND FIELD TEST RESULTS 
In order to evaluate the reasons for discrepancy between 
laboratory and field test results, a laboratory reconstituted 
and mechanically mixed specimen on the one hand and an 
undisturbed core sample from the site have, on the other 
hand, been analysed by means of Scanning Electron 
Microscopy (SEM), aiming at investigating the 
microstructure and composition of each specimen. 
 Figure 9 shows the specimens (4cm x 4cm x 1cm) 
carefully cut with a water-cooled sawing system, starting 
from stabilised samples either mixed in the laboratory 
either from SSI field samples. It is clear already from this 
pictures that the specimens differ in texture. 
 
 
 

 

 
(a) Specimen mixed in the laboratory  
 

 

 
(b) Specimen mixed in the field 
 
Figure 9. Specimens for SEM analysis: (a) mixed in 
the laboratory with blast furnace cement in a dough 
mixer (b) mixed in the field with blast furnace cement 
by means of SSI.  

 At the moment of the microscopy analysis, the sample 
from the laboratory was about 300 days old and had been 
kept sealed, under water, in a T=10°C conditioned room. 
On the other hand the sample from the field was about 270 
days old; this specimen was cored from an under water trial 
SSI column about 3 months after its installation and then it 
was kept under water in the lab as well, until the day of 
SEM analysis.  
 The presence of large pores, in a considerable amount, 
in the laboratory specimen is evident. This is by far less 
pronounced in the SSI improved field specimen where a 
more compact and more homogeneous texture can be seen. 
 At this point one might already state that the 
mechanical cement-mixing in the laboratory (by means of a 
dough mixer) could have caused the incorporation of air 
bubbles (large pores). Pores of smaller diameter could have 
been produced during the cement hydration process. 
 The presence of large pores in the laboratory prepared 
samples suggests already a lower strength for the specimens 
mixed in the laboratory. 
 
 
 

 
(a) Specimen mixed in the laboratory 
 

 
 
(b) Specimen mixed in the field 
 
Figure 10. SEM pictures with an amplification factor of 
x1700 on specimens (a) mixed in the laboratory with 
blast furnace cement in a dough mixer (b) mixed in 
the field with blast furnace cement by means of SSI. 
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 Figure 10 deals with one sample mixed in the 
laboratory and one from the field, at an amplification factor 
of x1700. The specimen from the field shows a much more 
homogeneous structure with a more regular disposition of 
hydration products, such as the calcium silicate hydrate (C-
S-H phase) and the calcium hydroxide (CH). On the other 
hand, the mechanically mixed laboratory sample shows a 
much more heterogeneous composition. Judging from the 
morphology of the different cement hydration products, a 
by far less advanced degree of hydration can be perceived 
in the laboratory sample.  
 It means that one may suggest that the much more 
intensive SSI mixing method has played an important role 
(the specific area around each soil particle has been reached 
by the binder by far better). It seems that the high-pressure 
SSI mixing in the field has improved the distribution of 
cement particles around the soil particles and as a 
consequence a faster hydration and hardening has taken 
place. In the laboratory, where pure mechanical mixing 
with a dough mixer was put into practice, the cement paste 
may have not been well distributed only reaching the soil 
particles within clods. This causes retardation in the overall 
hardening of the improved mass and a decrease in the final 
strength. 
 
 
6 CONCLUSIONS 
An extensive laboratory testing campaign on dredged 
material specimens mixed mechanically with Portland 
cement and blast furnace cement has shown that blast 
furnace cements are very suitable for the stabilisation of 
such dredged material. The UCS keeps continuously 
increasing, even after 550 days, unlike the UCS of 
specimens mixed with Portland cement. Overall, the strains 
at failure have been observed to decrease rapidly with 
increasing UCS (and time). Specimens mixed with Portland 
cement seem to fail at smaller strains than specimens mixed 
with blast furnace cement; their strength is also 
considerably lower.  
 The deformation modulus at small strain (E0), studied 
by means of bender element testing, and the secant modulus 
at 50% of UCS (Es50) have been assessed for specimens 
mixed in the laboratory with both types of binder. E0 and 
Es50 could be more or less linearly correlated to UCS.  
 The inspection of trial columns (mixed with blast 
furnace cement) installed at the site, in under water 
conditions, implementing the SSI method, proved to 
guarantee a well distributed cement slurry around the 
particles of the dredged sludge, as observed in the SEM 
pictures. This probably is due to the very high pressures 
providing an intensive mixing on particle level.  
 The ordinary laboratory practice of unconfined 
compression testing on small specimens (mixed with a 
binder in a conventional dough mixer) has indeed under 
predicted the strength on site of SSI stabilised soil with a 
ratio UCSfield/UCSlab = 2 to 5.  
 Moreover, a Scanning Electron Microscopy (SEM) 
analysis has been carried out to investigate the reason for 

such discrepancy of the results on samples entitled 
“laboratory mixed” and “field mixed”.  
 In samples from the field, a more regular distribution 
of hydration products (i.e. C-S-H, CH) can be identified. 
Judging from the morphology of the different C-S-H 
structures, a less advanced degree of hydration can be 
perceived in the laboratory specimen. The lab-mixing 
method, leading to clods of particles, could be responsible 
for this.  
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ABSTRACT: In this laboratory study unconfined compression tests have been conducted on laboratory prepared samples
in order to determine and compare compression strength. The samples were produced from different mixtures of sulphide
soils and binders. From the test results it can be concluded that it is possible, in the laboratory, to satisfactory stabilise the
sulphide soils investigated. However, the stabilisation effect, i.e. the maximum obtained compression strength, varies
between the soil types (depths) tested. The achieved compression strength also depends on type of stabilisation agent,
amount of stabilisation agent, and curing time.

1   INTRODUCTION

1.1   Scope of study
The purpose of this laboratory study was to investigate
which mixtures of binders that are most suitable for
stabilisation of sulphide soils. The aim of the study was to
find one or more mixtures with satisfying stabilisation
effect. A number of, among the most interesting, binders
and stabilisation agents were mixed with different types of
sulphide soils. The samples produced were tested in
unconfined compression tests to determine and compare
their compression strength.

The study reported in this paper is the second part, the
laboratory part, of a research project regarding stabilisation
of sulphide soils. The first part was a inventory study where
results from performed projects regarding stabilisation of
sulphide soils has been summarised and evaluated. In the
continuation of the research project, the third part,
stabilised columns will be installed at the site where the soil
samples were taken. The stabilisation agents and amount of
stabilisation agents found interesting, i.e. having a good
stabilisation effect of sulphide soil, will be used and tested.
Comparisons with the laboratory test results will be done.

The inventory study and the planned field part of the
research project is reported in the paper “Stabilisation of
Sulphide Soil – Laboratory and planned Full-scale Tests of
Soil from Umeå in Northern Sweden” in these proceedings.

The laboratory work conducted has been a part of a
master thesis work, Andersson & Norrman (2004),
supervised by the main authors of this paper. If not
otherwise stated in the paper the results are from Andersson
& Norrman (2004).

1.2   Background

1.2.1   Sulphide soil
In Sweden sulphide soil is found mainly in a wide course
along the coastal regions of northern Sweden, i.e. in the
areas of northern Sweden where the main part of industries,
cities and infrastructures are situated. Sulphide soil can also
be found in some areas of the flat land around and south-
west of Stockholm, where there are clay deposits. In the
world different types of sulphide soils can be found in e.g.
the coastal regions of northern Finland, Japan, Australia
and Vietnam.

The sulphide soil along the northern Swedish coast has
been formed as sediments at river mouth and outside the
coast in the special environment at the time for
sedimentation, Mácsik (1994). The environment was
typically deficient in oxygen, and the water was
brackish/sweet in which the sulphide soil was sedimented.
The environment prevented a complete decomposition of
the organic material in the sediments. Also today new
sulphide soil sediments are being formed

Sulphide soil normally consists of fine-grained soil, i.e.
is a clay or silt, with various and smaller amounts of sand in
some cases. Sulphide soil normally contains relatively high
contents of sulphur and iron (iron typically 35 g/kg dry soil)
and contents of organic material up to about 10 weight-%.
The most common designation based on grain size
distribution is silty sulphide clay or clayey sulphide silt.
The soil is normally coloured black or varved with black
bands. The soil may be found in depths over 20 m. The
fine-grained sulphide soil typically shows large settlements
and low shear strength. The secondary creep settlements are
normally substantial.

1.2.2   Stabilisation of sulphide soil
Since a sulphide soil normally shows low strength and high
compressibility it must often be reinforced when using the
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ground for foundation engineering purpose. Excavation and
replacing a sulphide soil with high content of iron and
sulphur is normally not recommended for e.g.
environmental reasons. If the sulphide soil after excavation
come in contact with oxygen it oxidises and this lead to a
lowering of the pH to acid pore and ground water
conditions which might be harmful to the environment,
Mácsik (1999).

Stabilisation of sulphide soil is one potential method to
reinforce a sulphide soil to improve its strength and
deformation properties. Previous, however limited,
experiences have shown that the stabilisation effect is
strongly dependent of the type of sulphide soil and type of
stabilisation agents used. Today, there is a lack of
knowledge concerning what mixtures of binders that give
satisfying stabilisation effects in both short and long term.
The traditionally used stabilisation agent lime/cement has in
most cases yielded bad stabilisation results in sulphide
soils. The differences in stabilisation effect for laboratory
samples and columns in the field have in general been
significant, with a lower strength achieved in the field.

2   SOIL CHARACTERISTICS

2.1   Test site and soil sampling
Soil samples have been taken from a test site with various
types of sulphide soils. The site is located about 10
kilometres south of the city of Umeå in northern Sweden,
along the future railroad Botniabanan, and close to the Sea
of Botnia, figure 1. The Umeå River has its delta in the area
and thus it is a flat landscape.

Figure 1 Location of the field test site south of the city
of Umeå in northern Sweden (Botniabanan, 2004).

In the field undisturbed soil samples with a diameter of 50
mm were taken with a tube sampler between the depths 2.5
and 5 m. Sampling were conducted in totally 22 points
within an area of 8x8 m2 and with 2 m distance between

each boring hole. Samples were taken in the centre of the
future railroad. Other field tests, not reported here, e.g. CPT
and field vane shear tests were also conducted.

2.2   Geotechnical properties
Geotechnical properties of the soil between the depths 2.5
and 5 m in the investigated profile are presented in tables 1
and 2. In the tables the minimum and maximum values is
given for each parameter and depth. The soil is classified as
silty sulphide clay between 2.5 and 4 m depth, as silt at 4.5
m depth, and as silty (possibly sulphide) clay at 5 m depth
(Mácsik, 2003). There is a significant variation of bulk
density and water content with depth, and where the bulk
density is low the water content is high and vice versa. The
water content and loss on ignition is significantly higher for
samples at 3.5 m depth. When comparing the water content
of the soil mixture (the soil mixed in the laboratory at each
depth, before adding the binders) there is a significant
higher water content at 3.5 m depth compared to the other
depths, table 2.

Table 1 Geotechnical properties of the soil in the
profile investigated.
Depth
(m)

Soil 1 Bulk
density

ρ  (ton/m3)

Water
content
w (%)

Liquid
limit

w L (%)
2.5 siSuCl 1.54-1.56 62-98 45
3 siSuCl 1.36-1.57 53-121 71-96

3.5 siSuCl 1.29-1.36 117-242 68-89
4 siSuCl 1.57-1.67 50-70 75-137

4.5 Si 1.74-1.95 27-66 40-60
5 si(Su)Cl 1.76-1.86 23-68 33-50

1According to Mácsik (2003)

Table 2 Geotechnical properties of the soil in the
profile investigated.
Depth
(m)

Loss on
ignition
G (%)

Undrained
shear

strength2

cu  (kPa)

Sensi-
tivity

St

Water
content
of soil

mixture3

w (%)
2.5 6.1-6.7 20-22 29 79
3 6.2-7.1 20-22 14-28 79

3.5 8.6-15.3 18-26 12-14 123
4 3.7-3.9 12-20 14-15 62

4.5 1.7-3.5 11-36 19-20 -
5 0.8-3.3 10-27 13-56 55

2 Determined with fall-cone test (corrected for liquid limit)
3 Average water content of the mixture of the soil before
adding binders in the laboratory

Between the depths 2.5-5 m the grain size distribution does
not vary especially much. The clay content varies between
28-34 weight-%, the silt content between 63-70% and the
particles larger than silt particles between 1.5-3.4%. The
particle density of the soil varies between 2.7-2.8 ton/m3.

The content of total iron (Fe) and total sulphur (S) is
shown in figure 2, Mácsik (2003). The content of iron is
relatively constant at the depths investigated in the soil

Test site 
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profile and varies between 27000-36000 mg/kg dry soil.
The content of sulphur, which varies between 100-18000

mg/kg dry soil, is high between 2.5 and 3.5 m depth and
than decreases with depth.
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Figure 2 The content (of dry soil) of iron (Fe) and sulphur (S) for the natural soil, Mácsik (2003).

3   LABORATORY INVESTIGATION

3.1   Test program and binders
Eleven mixtures, of lime (K), cement (C), slag (M), gypsum
(G) and Ash (A), have been used in the study as
stabilisation agents. The amount of stabilisation agents
varied from 100 to 250 kg/m3. The different mixtures are
presented in table 3.

Table 3  Mixtures of binders used in the investigation.
Num-
ber

Mixtures of binders Notation

1 Lime/Cement, 50/50 KC50/50
2 Lime/Cement/Gypsum, 33/33/33 KCG33
3 Lime/Cement/Slag, 33/33/33 KCM33
4 Cement/Slag, 70/30 CM70/30
5 Cement/Slag, 50/50 CM50/50
6 Cement/Slag, 30/70 CM30/70
7 Cement C100
8 Cement+water C100+H20
9 Cement/Ash, 50/50 CA50/50
10 Cement/Ash, 70/30 CA70/30
11 Ash A100

The notation KC50/50 means a blend of 50 weight-% lime
and 50 weight-% cement, and KCG33 a blend of 33 weight-
% of each binder. The cement used was Standard Portland
Cement, the slag ground granulated blast furnace slag (a
product named Merit) and the ash came from incineration
of sludge at a sewage treatment work.

The test program was divided into three parts. In the
first part, 7 mixtures of binders (1-7 in table 3) and soil
from three depths (2.5-3, 3.5 and 4 m) were studied. The
amount of stabilisation agent was 150 kg/m3 and the
samples were tested after a curing time of 28 days. In the
second part 3 stabilisation agents (KCG33, CM30/70 and
C100) was selected for further investigations. Samples were
made with different amount of the stabilisation agents,
ranging from 100-200 kg/m3 and some of the samples were

tested after 90 days curing time. Soil from 3.5, 4 and 5 m
depths were tested. For soil from 3,5 and 4 m samples were
made with cement plus an addition of water (C100+H20). In
the third part complementary tests were conducted and also
stabilisation agents with ashes (9-11 in table 3) were tested.
As a total, 106 samples (53 parallel) were prepared and
tested.

3.2   Sample preparation and testing
The samples were prepared according to Swedish
recommendations, Carlsten (2000), except for the mixing
time of the stabilised samples, which was 3-4 minutes
instead of recommended 5-6 minutes.

A quantity of a soil, sufficient to prepare required
number of samples in a series, was mixed together in a
dough mixer until the soil was visually homogenous. This
soil batch was then divided into the required number of
pieces. When preparing the stabilised samples a piece of the
soil and the given amount of stabilisation agent was mixed
together in the mixer until it visually was homogenous. The
stabilised soil was packed into sample tubes with a diameter
of 5 cm and a height of 10 cm. The soil was packed into the
tube in 5 layers and each layer was loaded with a
compaction stamp applying 100 kPa for about 5 seconds.
The tubes were sealed with a plastic cover and tape. During
curing time the samples were stored in a refrigerator at a
temperature of +7°C, without any particular precautions
concerning air humidity. When preparing the samples the
water content was determined for the soil used in each
mixture and for the soil-binders mix. The bulk density of
the prepared samples was determined.

Unconfined compression tests were performed on the
stabilised soil samples after a curing time of 28 days (94
samples) or 90 days (12 samples). The bulk density and
water content of the samples tested were determined at the
time for testing.
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4   TEST RESULTS

4.1   Different stabilisation agents and depths
In figures 3 and 4 the compression strength is presented for
tested samples containing different stabilisation agents at
the four depths investigated. The compression strength is
the maximum (peak) value of the compression stress (force
divided by updated cross-sectional area) achieved in the
unconfined compression test. The amount of stabilisation
agent is 150 kg/m3 and the curing time 28 days. In figure 4
the average value of the parallel tests is given for each
stabilisation agent.

The variation of compression strength with depths
follows the same pattern for the different stabilisation
agents, i.e. the highest strength is achieved at 5 m, followed
by 2.5-3 m, 4 m and the lowest at 3.5 m (with C100 as the
exception where the highest strength was obtained at 2.5-3
m depths). The stabilisation effect, i.e. the compression
strength, is lower at 4 m and significantly lower at 3.5 m
depth compared to the other two depths.

The three CM stabilisation agents and the C100
stabilisation agent show significantly higher compression
strength compared to the other stabilisation agents, except
at 3.5 m depth i.e. the most difficult depth to stabilise. The
different proportions of cement and slag of the three
investigated CM stabilisation agents (CM70/30, CM50/50
and CM 30/70) do not especially much affect the
compression strength, figure 4. At 3.5 m depth the
stabilisation agent C100 shows approximately the same
compression strength as the three CM stabilisation agents.
The traditionally used stabilisation agent KC50/50, together
with the stabilisation agent KCM33, yield in general, and
especially at the most difficult depth to stabilise, the
smallest stabilisation effect of the stabilisation agents
investigated. The stabilisation agent KCG33 shows the
smallest variation of compression strength with depth and
one of the highest strengths at 3.5 m depths.

4.2   Amount of stabilisation agent
The compression strength as a function of amount of

stabilisation agent is presented for the stabilisation agents
KCG33, CM30/70 and C100, figure 5 a-c. These were the
stabilisation agents chosen to be tested in the second part of
the laboratory study, since they were found most interesting
based on the results of the first part. For the stabilisation
agents KCG33 and C100 the compression strength
increases with increasing amount of stabilisation agent.

The stabilisation agent KCG33 shows the same pattern
of strength increase at the three investigated depths. For the
stabilisation agent KCG33 the compression strength
increases 20-60% when the amount of stabilisation agent is
increased from 150 to 200 kg/m3 and 40-50% from 200 to
250 kg/m3. At the depth 3.5 m this corresponds to an
increase of compression strength from about 200 kPa to
about 400 kPa when the amount of stabilisation agent
increases from 150 to 250 kg/m3. For the stabilisation agent
C100 the increase of strength with increasing amount of
stabilisation agent is higher compared to the stabilisation
agent KCG33. The compression strength for the
stabilisation agent CM30/70 increases significant only at 4
m depth when the amount of stabilisation agent is

increased, while it stays nearly unchanged at 3.5 m depth
and even decrease at 2.5-3 m. The decrease at 2.5-3 m is
unexpected and difficult to explain.

4.3   Curing time
The effect of curing time on the sample strength is

presented in figure 6 a-b for the stabilisation agents
KCG33, CM30/70, and C100 at 3.5 and 4 m depths. The
strength increases with curing time at both depths and for
all three stabilisation agents. The strength increases about
2.5-3 times (roughly from about 200 to about 600 kPa)
from 28 to 90 days for the stabilisation agent KCG33,
which is the highest increase of the three stabilisation
agents. Especially at the most difficult depth to stabilise,
3.5 m, KCG33 has the strongest growth of strength with
time.

The effect of curing time for CM30/70 differs a lot
between the soil from 3.5 and 4 m. The strength for the soil
from 4 m increases strongly with time but only slightly for
the soil from 3.5 m. These results show the importance of
performing tests with different curing times and that the
curing time can significantly effect the strength.

4.4   Other stabilisation agents
At the depth 3.5 m the stabilisation agents CA50/50

(250 kg/m3) and C100 (200 kg/m3) gave the highest
compression strengths, figure 7. However, only a few of the
stabilisation agents were tested with that high amount of
stabilisation agent. When decreasing the amount of cement
of the CA stabilisation agent, CA30/70, the strength
significantly reduced, figure 7. Similar results when
decreasing the amount of cement for the C100 and the CA
stabilisation agents were found for samples at 4 m depth.
Adding water to cement, stabilisation agent C100 + H20,
reduced the compression strength of the C 100 stabilisation
agent.
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Figure 5 Compression strength after 28 days for samples with different amount of stabilisation agents at three
different depths for the stabilisation agents KCG33 (a), CM30/70 (b), and C100 (c).
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5   DISCUSSION AND CONCLUSIONS

5.1   Laboratory study
In the laboratory unconfined compression tests have been
conducted on laboratory prepared samples in order to
determine compression strength. The samples were
produced from different mixtures of sulphide soils and
binders. The sulphide soil, which was taken from one field
location, showed a significant variation with depth of
geotechnical and soil chemical properties. Different blends
of cement (C), lime (K), slag (M), gypsum (G) and ash (A)
in various amounts, 150-250 kg/m3, were used as
stabilisation agents in the mixtures. The samples were
tested after 28 or 90 days of curing time. The sulphide soil
was investigated at the four depths 2.5-3, 3.5, 4, and 5 m.

From the test results it can be concluded that it is
possible, in the laboratory, to satisfactory stabilise the
sulphide soils investigated. However, the stabilisation
effect, i.e. the maximum obtained compression strength,
varies between the soil types (depths) tested. The achieved
compression strength also depends on type of stabilisation
agent, amount of stabilisation agent, and curing time.

The sulphide soil at 3.5 m depth was the most difficult
one to stabilise. The soil at this depth differs, as compared
to the other depths investigated, mainly by having lower
density, higher water content, higher loss on ignition, lower
redox potential, and higher conductivity. However, the
content of sulphur and iron, and the clay and silt content, at
3.5 m did not differ especially much from the soil types at
the other depths.

At 3.5 m depth for 150 kg/m3 amount of stabilisation
agent and 28 days curing time, the stabilisation agents
CM70/30, KCG33, and CM30/70 show the highest
compression strengths (about 240-200 kPa), followed by
the stabilisation agents C100, C100+H20, and CM50/50
(about 170-130 kPa), and significant lower the stabilisation
agents KC50/50 and KCM33 (70-40 kPa).

Considering the whole soil profile investigated, the
three CM stabilisation agents and the stabilisation agent
C100 show significantly higher compression strength
compared to the other stabilisation agents, except at 3.5 m
depth. The stabilisation agents KC50/50 and KCM33 give
the smallest stabilisation effect of the stabilisation agents
investigated. The stabilisation agent KCG33 gives the
smallest variation of compression strength in the soil
profile. The strength of the stabilisation agent C100 was
reduced when adding water to the mixture

The compression strength increases significant with
increasing amount of stabilisation agent for the stabilisation
agents KCG33 and C100, about two times when increasing
from 150 to 250 kg/m3 for KCG33 and even more for
C100. Depending on investigated depth the compression
strength for the stabilisation agent CM30/70 either decrease
or increase with increasing amount of stabilisation agent.

For the three stabilisation agents studied, KCG33,
CM30/70, and C100, the compression strength increase
with curing time. For the stabilisation agent KCG33 the
strength increases about 2.5-3 times from 28 to 90 days.

5.2 Future work
The stabilisation agents and the amount of stabilisation
agents found interesting, i.e. having a good stabilisation
effect of sulphide soil, will be used and tested when later in
the current project installing columns in the field. Previous
experiences of stabilisation of sulphide soils, as well as
other soils, show that the strength achieved in laboratory
and in the field might differ much. More types of sulphide
soils need to be investigated in the laboratory to be able to
generalise the relations between stabilisation agents and soil
types regarding stabilisation effect. Perhaps some other
binders and stabilisation agents should also be tested. The
work should proceed in order to find explanations why
some types of sulphide soils with specific chemical soil
properties are easier to stabilise than others and to identify
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parameters that can be used to determine whether a certain
sulphide soil can be stabilised with satisfying results or not.
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ABSTRACT: The Lekkerkerk Trial is a comprehensive study to assess the possible application of deep mixing to improve 
the stability of Dutch river dikes. The design principal comprises mass-stabilised blocks placed under an inclination and 
embedded in a deeper sandlayer. Mixing the organic soils of the dike’s foundation gives satisfying results when using 300 
kg/m3 blast furnace slag cement combined with water injection during mixing. In-situ and laboratory tests carried out at the 
trial site show some critical aspects which are important for the designer.  
 
 
1 INTRODUCTION 
 
1.1 Backgrounds 
 Three of Europe's most important rivers - the Meuse, 
Rhine, and Scheldt - enter the North Sea through a common 
delta in the southwest of Holland. At regular time intervals 
the river dikes need to be raised in order to protect the 
hinterland against flooding. In most cases an elevation of 
the crest of the dike requires the construction of stability 
berms or flattening of the dike's shoulder to ensure the 
dike's stability.  
 For centuries in the urban Western part of Holland 
houses were built very close to the dikes or even on the 
dikebody itself, that is considered of great cultural-
historical value. In this case there is no space for the 
conventional method of dike improvement by constructing 
stability berms or widening the dikebody, considering that 
these historical buildings should remain in place. Deep 
mixing could provide an appropriate dike improvement.  
 
1.2 Joint venture 
 After a competition among different parties the Dutch 
Ministry of Public Works and the Centre for Building and 
Research (CUR) awarded the joint venture of Royal 
Haskoning, Keller-LCM and Hakkers to study the possible 
application of the mixed-in-place method to strengthen a 
typical Dutch river dike in the Western part of Holland. The 
combination of knowledge present within these companies - 
a Dutch consulting engineer, a Swedish mixing contractor 
and a Dutch contractor specialised in dike reinforcements - 
enabled a thorough  investigation of all relevant aspects 
needed to introduce this technique in the Dutch dike 
engineering community. Because of the high risk profile of 
a dike failure in Holland, where most of it's inhabitants live 
below the sea level, highest safety requirements must be 
met. Other specific items were the typical subsoil 

conditions in the Dutch 'polders' (lowlands) and the 'uplift 
problem'.  
 
2 THE UPLIFT PROBLEM 
 Along the Lek, one of the major distributaries of the 
Rhine, artesian conditions are encountered at several 
locations just behind the dike. The dikes along the Lek are 
founded on a typical Dutch soft soil profile consisting of a 7 
to 12 m thick peat-clay layer that is deposited on top of 
(Pleistocene) sand. This Pleistocene sand is in almost direct 
contact with the riverbed and high artesian pressures results 
below the downstream shoulder and berm of the dike. 
These high porepressures reduce the shear strength capacity 
of the foundation considerably. A so-called 'uplift induced 
rotational failure' results (Fig. 1). 
 Table 1 presents some characteristics of the soft soils 
encountered along the Lek. The effective parameters are 
obtained from isotropically consolidated triaxial 
compression tests (CIUC) at 2% axial strain. The dikes 
along the Lek were built in the early Middle Ages and 
consist of clayey material. In the later centuries the dikes 
were raised by men. 
  
Table 1: Characteristics of soft soils (Lekkerkerk, NL), 
(indicative values) 
 
description water 

content 
density effective strength 

(CIUC 2% strain) 
   c' φ' 
 (%) (kN/m3) (kPa) (°) 
PEAT, wood rem. 300 to 500 10 2 14 

Clayey PEAT 200 to 300 11 to 13 7 27 

Silty CLAY 70 to 200 14 to 15 3 – 7 27 
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Figure 1: Uplift induced rotational failure in lowland  
 
 Since the uplift induced rotational failure of one of the 
dikes along the Lek in 1984 it is common engineering 
practise to assess this typical failure mechanism using 
Finite Element Models (FEM) or Limit Equilibrium Models 
with a special uplift feature. 
 
3 ALTERNATIVE SOLUTION: MIXED-IN-PLACE 

 
3.1 Design principal 
 Deep soil mixing provides a strong alternative to 
strengthen the dike's foundation in the zone where the 
effective stresses are most strongly reduced due to the high 
artesian pore pressure encountered (Fig. 2). 
 
The solution is characterised by the following features: 

•  stabilization by a number of blocks each consisting 
of overlapping columns (mass-stabilization); 

•  stabilization blocks pass through the low strength 
and soft peat and clay materials and are embedded 
in the deep, strong and stiff foundation layer 
(sand); 

•  the stabilization blocks are placed under an 
inclination to improve the way the load is 
transferred from dike body to foundation. The 
normal load on the potential shear plane is 
maximized; 

•  In top view (not shown) , the stabilization blocks 
are placed at regular intervals.  

 
 
 
 
 
 
 
 
 
 
Figure 2: Mixed-in-Place dike improvement 
 
The geometry of the block stabilization is evaluated by 
FEM-analyses using PLAXIS. The following conclusions 
are drawn from these analyses: 

•  shear failure across the mass-stabilization is one of 
the weakest links in this design and needs further 
assessment by in-situ and laboratory testing. 

Special attention has to be paid to the stabilised 
peat layers; 

•  shear failure along the columns and separation of 
columns is minimized by overlapping the columns 
in two directions (Fig. 4); 

•  an embedment of 4 meters in the Pleistocene sand 
layer is required because of a potential deep-seated 
slip surface underneath the mass stabilization. 

 
3.2 Mixing parameters 

The binder material, the amount of binder and mixing 
intensity are based on preliminary laboratory testing on 
small samples, mixed in laboratory. Table 2 presents some 
column installation data for the stabilization of peat. 
 
Table 2: column installation data; stabilization of peat 
 
mixing parameter Nominal value 
  
binder material blast furnace slag cement  

(CEM III/A) 
amount of binder(treated peat) 300 kg/m3 

mixing tool Pinnborr (6 blades) 

column diameter 600 mm 

retrieval rate 15 mm/rev 

rotation speed 100 rpm 

blade rotation number *) 400 m-1 

 
*) The total number of mixing blades passing during 1 m of shaft 
movement 
 
 For this situation the dry mixing method is preferred 
above the wet method. A special mixing tool is developed 
to add water to the soil during penetration of the mixing 
tool and during the dispersion of the dry powdered binder 
into the soil.  
 
4 IN-SITU TESTING AND SAMPLING 
 
4.1 In-situ testing 

Near the village Lekkerkerk behind the dike of the Lek 
river a trail site was set up. At the site 6 blocks of mass 
stabilization and a large number of single columns are 
made. After completion of the mixing work different field 
tests were carried out: 

•  Pull-Out Resistance Tests (PORT) on single 
columns; 

•  Column penetration tests (KPS) on single 
columns; 

•  predrilled KPS-tests in mass-stabilised blocks. 
 

The PORT- and KPS-tests were carried out on the 
same day. The results of the PORT- and KPS-tests in single 
columns show a remarkable similarity in the upper 6 
meters. The shear strength is evaluated using Boman΄s 
simplified relationship and the results of the direct shear 

sand 

clay 
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river level 

peat

clay 

sand 

piezometric aquifer head 

river level 
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tests on cement treated samples. For the predrilled KPS-
tests a more or less comparable shear strength is derived 
when using a bearing factor of N=20. This value exceeds 
the factor N=10 which is normally used in the Swedish 
guidelines. It has to be noted that KPS-tests normally are 
carried out at single columns and not at predrilled holes in a 
mass-stabilised block. From the field tests a clear 
distinction could be made between the poorly decomposed 
peat (from NAP -3.5 to -8.0m) and the clayey interlayers 
(around NAP-4.5 and -6.5 m). Reference is made to Figure 
3. The shear strength of the cement treated organic soil 
increases when the soil contains more clay minerals. 
Furthermore, differences could be recognized between the 
predrilled KPS-tests carried out in the centre of a column 
and tests carried out in the overlap of two columns or 
between 3 columns.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  predrilled KPS-tests and results of 
laboratory tests (Lekkerkerk, NL) 
 
4.2 Sampling 
Different sampling methods have been used:   

•  Continuous sampling using thin-walled Shelby 
tubes. These samples are taken a few days after 
mixing in order to test the specimen at different 
curing periods and to prepare sample material for 
the triaxial tests.  

•  Core drilling using a Triple Core Barrel after 
approximately 3 weeks after mixing. Core drilling 
is carried out at different locations in the mass-
stabilized block (Fig. 4). The samples are tested 
after approximately 4 weeks (28 to 33 days). 

•  Full column extraction using a tubular pipe 
system. The columns (600 mm diameter) are taken 
3 weeks after mixing. The columns are tested after 
approximately 4 weeks. 

 
 
 
 
 
 
 
 
 
 
 
Figure 4: Pattern of the columns and the location of 
core drilling and predrilled KPS-tests 
 
5 LABORATORY TESTING 
 
5.1 Laboratory tests on small size samples 
 Several laboratory strength tests have been carried out 
on small size samples: triaxial compression tests (CIUC), 
direct shear or shear box tests (DS) and unconfined 
compressive strength tests (UCS). The tests were carried 
out on samples taken from the stabilized blocks at the depth 
of original peat and clay strata. The following conclusions 
can be drawn from these tests: 

•  Most of the tests show a substantial strength 
reduction when passing the peak shear strength at 
progressive deformations.  

•  Compared to natural soils the cement treated soils 
show a large scatter of peak shear strength values. 

•  Compared to the peak values the residual shear 
strength values are more narrow scattered (Fig. 5). 

•  The DS tests do not show a clear relationship 
between peak shear strength and normal stress 
(Fig. 5). 

•  Adding water to the soil during mixing improves 
the quality of the stabilised soil. 

•  The samples taken from the centre of the column 
do have more shear strength than those taken from 
the overlap of columns. Some samples taken 
between the 3 columns (Fig. 4) are poorly 
stabilised, especially when no water is added 
during mixing.  

•  There seems to be a correlation between the dry 
density of the cement-treated organic soils and the 
residual shear strength. 

•  By the use of 300 kg/m3 cement binder the peak 
shear strength of peat has increased by a factor of 
5 to 10. The residual shear strength has increased 
by a factor of 3 to 7. 
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•  The stress-paths obtained from the CIUC triaxial 
tests on cement treated peat and clay samples 
indicate drained shear strength behaviour. No 
significant shear induced pore pressures are 
measured. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Results direct shear tests on cement-treated 
peat samples (Lekkerkerk, NL) 
 
5.2 Prototype tests 
The effect of sample size on the behaviour and strength of 
cement treated peat during horizontal loading is evaluated 
by direct shear tests and unconfined direct shear tests on 
prototype scale (600 mm diameter). The results seem to be 
in accordance with the tests results of the laboratory tests 
on the small samples. The interpretation of these prototype 
tests will be worked out in the second stage of this study 
and will be published in future. 
 

6 DESIGN AND QUALITY CONTROL 
 
6.1 Design approach 
  The first design step is to assess all relevant failure 
modes and to define the most critical parameters. 
Experiences in similar projects and circumstances are 
evaluated and preliminary FEM-analyses are carried out. 
This assessment shows that failure across the mass-
stabilised columns is one of the most critical failure modes. 
Most failure modes could be eliminated because of the 
concept of mass-stabilization and the chosen pattern of 
columns (Fig. 4). Deep-seated sliding below the columns 
could be critical when the embedment into the sandlayer is 
insufficient.  
 
The failure modes are separately assessed by a Level I-
probabilistic design approach, following the current Dutch 
codes for geotechnical and structural hydraulic engineering. 
Partial safety factors are applied to all relevant design 
parameters. The partial safety factors are based on a 
minimal allowed safety index corresponding to a certain 
probability of failure and a lifetime of 100 years. To obtain 
the design value of the shear strength of the mass-stabilised 
blocks the following procedure is followed: 

•  Selection of weak zones in the column by in-situ 
tests for the different soil types. 

•  Representative sampling of selected zone. 
•  Laboratory testing of individual samples recording 

the peak and residual strength. 
•  Statistical analyses on peak strength and residual 

strength data in order to derive the characteristic 
values of the mean strength of a stabilised block. 
The characteristic value for lateral loaded blocks is 
related to the mean shear strength of a block 
because the considered slip surface crosses all 
individual columns.  

•  Determining the design value of the peak strength 
by dividing the characteristic value by the 
appropriate partial factor.  

•  Evaluation of the design (peak) strength for 
progressive failure. The design peak shear strength 
is compared to the residual shear strength. If the 
design peak shear strength exceeds the 
characteristic value of residual shear strength 
progressive failure shall be addressed separately.  

 
6.2 Quality control  
 Conventional quality control by in-situ testing seems 
to be an appropriate method when using a modified bearing 
factor of N=20 to derive the shear strength from the 
predrilled KPS tests in a mass-stabilization. Besides in-situ 
testing it is recommended to carry out a number of strength 
tests on cored samples for each new project.  
 Quality control means a feedback of the design or 
mixing parameters if results are disappointing. This has to 
be incorporated in the procedure of the mixing work. 
 The durability has to be checked on before hand by 
long term permeability tests combined with strength tests 
and microscopic analyses. During the lifetime of the 
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stabilized soil structure verification of the strength of the 
columns at regular intervals is recommended. 
 
7 CONCLUSIONS 

Deep mixing seems to be a competitive dike 
improvement technique. For the Dutch soft organic soils 
water-injection during mixing and a relatively high amount 
of blast furnace slag cement binder (300 kg/m3) are 
important to reach the preferred mixing quality.  

Strength tests show some critical aspects which are 
important for the designer: substantial strength reduction 
when passing the peak shear strength and a relatively large 
scatter of peak shear strength. 

Adaptations have to be made to the normally used 
Boman's bearing factor N when predrilled KPS tests are 
used to evaluate the shear strength. 
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ABSTRACT: Development of the wet method of deep mixing for on-land works. Member of CDM-land4 are recently 
developed to increase the construction speed and low cost. CDM-land4 machine with four mixing shafts have larger 
diameter of 1.0 or 1.2 m and are capable of improving down to 33 m to 25 m, which can make a column with across 
sectional area ranging from 2.83 m2 to 4.52 m2. This method had numerous problems during the planning development; 
Stability of machine against overturning and durability of parts used in the base machine under maximum load and others. 
 
 
1 INTRODUCTION 
Members of CDM association improved soft material by 
The Two Mixing Shaft Type up to now from 1978. 
Recently, a client's requirement was more economically 
than two mixing shafts type. We started research and 
development for CDM-Land4 Method in May 2000. As for 
a goal for development, one base machine is equipped with 
four mixing shafts. . When it is developed Land 4 method 
of mixing blade diameter is 1000 mm. The construction 
ability was GL - 25 m for the reason by the safety of the 
execution machine and load allowable limit of base 
machine. Also mixing blade diameter 1200 mm of the 
construction ability was GL -20m for the same reason. As 
for this announcement, these execution actual results are 
understood. Adoption cement slurry plant ability 45m3/h, 
adoption light weight leader of truss type, adoption stretch 
shaft, adoption wide frame for base machine. 
CDM-Land4 Method has almost twice ability than ordinary 
2 shafts type improvement method. 
As the characteristics  
1) Big shortening of construction period becomes possible 
by wider cross section 
area than ordinary type. 
 2) The congestion of 
the spot execution 
machine is reduced, too.  
3) Extremely precise 
construction for vertical 
direction.  
4) Wide variety for 
improvement patterns. 
 
 
 
 
 

Figure 1-1. CDM-Land4 equipment 

 
2 Developments of the CDM-Land4 Method 
 
2.1  Type of improvement 
CDM-Land4 method has two types of mixing blade size, 
1.0 m and 1.2 m. 
 
A basic improvement pattern of CDM-Land4 method 
(Show the Figure 2-1,2-2) 
1)  Block type: All columns are composed.   
 Mixing blade 1.0 m and shaft interval is set up in 0.8 

m. 
  (Cross section area is 2.83m2)  
 Mixing blade 1.2 m and shaft interval is set up in 1.0 

m. 
  (Cross section area is 4.21m2) 
2)  Tangent block type: Two columns are composed and 

two columns are Columns-in-contact. 
 Mixing blade 1.0 m and shaft interval is set up in 0.8 

m and 1.0 m. (Cross section area is 3.00m2)  
 Mixing blade 1.2 m and shaft interval is set up in 1.0 

m and 1.2 m. (Cross section area is 4.34m2) 
3)  Tangent column type: All columns are in contacted.   
 Mixing blade 1.0 m and shaft interval is set up in 1.0 

m. 
  (Cross section area is 3.14m2)  
 Mixing blade 1.2 m and shaft interval is set up in 1.2 

m.  
 (Cross section area is 4.52m2) 
4)  Column type: All columns are separated. 
 Mixing blade 1.0 m and shaft interval is set up 

distance up to 1.5 m. 
 
(Cross section area is 3.14m2) Mixing blade 1.2 m and 
shaft interval is set up distance up to 1.5 m.(Cross section 
area is 4.52m2) 
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Table 2-1. Inspection of improvement cross section 

 

Blade diameter 1.0 m Blade diameter 1.2 m 
Type of improvement 

Shaft distance (m) Cross section area   (m2) Shaft distance (m) Cross section area   (m2) 

Block type  0.8*0.8 2.83 1.0+1.0 4.21 

Tangent block type 1.0*0.8 3.00 1.2*1.0 4.34 

Tangent column type (1.0 to 1.5)* (1.0 to 1.5) 3.14 (1.2 to 1.5) * (1.2 to 1.5) 4.52 

 
 

Block type Tangent block type Tangent column type 

 
 

 
 
 

 
 
 

Figure 2-1. Shape of blade diameter 1.0 m 
 

   
Block type Tangent block type Tangent column type 

 
  

 
 
 
 
 
 
 
 
 
 
 

Figure 2-2. Shape of blade diameter 1.2 m 
 

   
Column type Tangent column type Tangent block type 

 
   

 
Figure 2-3. Examples of treatment patterns 
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2.2  The application range for construction 
The column depth relates to the soil condition (Table 2-3). 
 

Table 2-2. The soil condition and the column depth 
 

Diameter of mixing blade 1.0 m 1.2 m 
Classification of soil Cohesive soil Sandy soil Cohesive soil Sandy soil 

 Standard Max. Standard Max. Standard Max. Standard Max. 
Cohesion  (kN/m2)  C < 40 C=60   C < 40 C=50   

N Value N < 4 N=8 N < 8 N=15 N < 4 N=6 N < 8 N=12 
Construction limit of depth Up to 33 m from surface  Up to 25 m from surface  

 
 
2.3  Decision of method 
You have to investigate soil condition, purpose of 
improvement, depth of improvement, rate of improvement 
and circumference environment investigation, when you 
selected The CDM-Land4 method. You follow Figure 2-4. 
The flow chart to decide CDM-land4 method 
 
 
 

2.4  Machine and equipments for construction 
 
2.4.1 Standard of machine and equipments 
Construction machine are base machine and cement slurry 
plant (Figure 2-5). 
Base machine are composed mixing shafts, mixing blade, 
guide leader, backhoe. 
Cement slurry plant are composed cement silo, mixing 
plants, grout pump, control room. 

 

 
Figure 2-4. The flow chart to decide CDM-land4 method 

Selected the CDM-Land4 method  

Investigation   of 
conditions for 
plan and 
construction 

Confirmation of 
depth for 
construction 

Check of soil 
condition 

Confirmation of 
method and blade 
diameter 

L < 25 m 

C < 50kN/m2 
(Case of cohesive soil) 

N < 12  
(Case of sandy soil) 

C < 60kN/m2  
(Case of cohesive soil) 

N < 15  
(Case of sandy soil) 

Blade size is 1.2 m by 4 shafts.
 

Blade size is 1.0 m by 4 shafts. 
 

 

Blade size is 1.0 
m by 2 shafts. 

 

Yes 

Yes Yes 

No 

No No 

1. Soil condition             2. Purpose of improvement 
3. Depth of improvement      4. Rate of improvement 
5. Circumference environment investigation 

 

L < 33 m 

No 

Yes 
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Figure 2-5. Composed CDM-Land4 machine and equipments 
 

2.4.2 Stretch shaft 
Stretch shaft (Figure 2.6) is adopted when it is deeper than 
D.L.–25m. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2-6 Shape of stretch shaft 
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Table 2-3. Pattern of composed CDM-Land4 method machine 
(Mixing blade diameter is 1.0 m) 

 
Item 

Depth 
Base machine 

Auger 
motor 

Leader 
length 

Power plant 
Slurry 
plant 

Backhoe 

10 m 
(Hung ability) 
50 ton to 55 ton 

45 kW  
 

Pole type  
21 m 
 

For base machine 
250kVA is 2 set 
For slurry plant 
250kVA is 2 set 

45 m3/hr  
Type 

0.8 m3  
Type  

20 m 
(Hung ability) 
60 ton to 65 ton 

55 kW to  
60 kW 

Pole type 
30 m 

For base machine 
300kVA is 2 set 
For slurry plant 
250kVA is 2 set 

45 m3/hr  
Type 

0.8 m3 
 Type 

25 m 
(Hung ability) 
70 ton to 75 ton  

 
75 kW to  
90 kW 

 
Pole type 
36 m 

For base machine 
450kVA is 2 set 
For slurry plant 
250kVA is 2 set 

45 m3/hr 
 Type 

0.8 m3  
Type  

30 m 
(Hung ability) 
70 ton to 75 ton 
  

 
75 kW to  
90 kW 

Truss type  
36 m 
Stretch shaft 

For base machine 
450kVA is 2 set 
For slurry plant 
250kVA is 2 set 

45 m3/hr 
 Type 

0.8 m3 
 Type  

33 m 
(Hung ability) 
70 ton to 75 ton  
With wide frame  

90 kW 
Truss type  
36 m 
Stretch shaft 

For base machine 
600kVA is 2 set 
For slurry plant 
250kVA is 2 set  

45 m3/hr  
Type 

0.8 m3  
Type  

 
 

Table 2-4. Pattern of composed CDM-Land4 method machine 
(mixing blade diameter is 1.2 m) 

 
Item 

Depth 
Base machine 

Auger  
Motor 

Leader 
Length 

Power 
 Plant 

Slurry 
 Plant 

Backhoe 

10 m 
(Hung ability) 
50 ton to 55 ton 

45 kW  
 

Pole type  
21 m 
 

For base machine 
450kVA is 2 sets 
For slurry plant 
250kVA is 2 sets 

45 m3/hr 
Type 

0.8 m3  
Type  

20 m 
(Hung ability) 
60 ton to 65 ton 

75 kW to  
90 kW 

Pole type 
30 m 

For base machine 
600kVA is 2 sets 
For slurry plant 
250kVA is 2 sets 

45 m3/hr  
Type 

0.8 m3 
 Type 

25 m 

(Hung ability) 
70 ton to 75 ton 
with wide 
frame 

 
 
90 kW 

 
Pole type 
36 m 

For base machine 
600kVA is 2 sets 
For slurry plant 
250kVA is 2 sets 

45 m3/hr 
 Type 

0.8 m3  
Type  
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2.5  Degree of stability calculation for CDM-Land4 
machine (example) 
 
2.5.1 Condition for degree of stability  
Mixing blade diameter: 1.0 m. Construction depth is less 
than 20 m from surface.  
 Base machine: DH658-135M (Hung ability is 60 ton) 
 Counterweight: 18.5 tons 
 Rod leader bracket: 3.0 m 
  Rod leader: M95D (length is 30 m) 
  Front jack: Addition  
 Outrigger cylinder: Addition 
 
2.5.2 Degree of stability calculation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 2-5 Data for degree of stability calculation 

Item of Equipment 
 
Item of Equipment Weight: 

W (ton)  
The center of 
gravity: X (m) 

W*X (ton-m) Position of 
gravity: Z (m) 

W*X (ton-m)  

Base machine and pole leader and 
others 

98.43 -0.40 -39.37 5.10 501.99 

Switchboard 1.00 -1.70 -1.70 2.80 2.80 
Top sheave Block 0.40 3.29 1.32 31.90 12.76 
Auger motor 4 sets 11.00 5.24 57.64 24.50 269.50 
Maintenance flame for rod leader 8.00 5.24 41.92 24.50 196.00 
Mixing shaft with blade (3 m) 3.40 5.24 17.82 2.00 6.80 
Mixing shaft (19 m) 8.80 5.24 46.11 13.00 114.40 
Cabtyre cable 1.00 5.24 3.29 16.50 16.50 
Shaft holder 1.00 5.24 5.24 2.50 2.50 
Total  133.03 0.99 132.26 8.44 1123.25 

 
 

Table 2-6 data of base machine 
 

Item Data 
Caterpillar length on land 4.90 m 

Span of caterpillar 3.80 m 

Wide of caterpillar 0.80 m 

The center of gravity 0.99 m 

Total weight with machine 133.0 ton-feet 

 
Table 2-7 Hung position and direction 

 

 
Table 2-8 Result of degree of stability 

 
Item Front, hung 

direction 
Side, hung 
direction 

Front, degree of 
stability 

9.8˚ 6.1˚ 

Back, degree of 
stability 

22.2˚ 18.9˚ 

Side, degree of 
stability 

12.7˚ 16.2˚ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hung position Front, hung 
direction 

Side, hung 
direction 

Front supporting point 2.45 m 1.90 m 
Back supporting point 2.45 m 1.90 m 
Side supporting point 1.90 m 2.45 m 
Front and back from 
The center of gravity 

0.99 m 0.99 m 

Right and left from 
The center of gravity 

0.00 m 0.00 m 

High from The center 
of gravity 

8.44 m 8.44 m 
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2.5.3 Result of degree of stability 
 

 

2.5.4 Maximum contact pressure  
Distributed shape 
 R = 0.99 > L/6 = 0.82  Triangulation distribution  
 
 Front point contact pressure 45˚ point contact pressure 
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2.6  Procedure of construction 

A CDM-Land4 machine is set 
on fixed position. The vertical of 
the machine is checked by the 
inclination meter.  
 
A mixing shaft is penetrated 
during the ground with turning a 
treatment machine. It is 
penetrated with doing discharge 
cement slurry from the fixed 
depth. 
 
Discharge is stopped after the 
bottom edge depth confirmation, 
and it raises and lowers it, and 
tip treatment is done. 
 
Stirring is done at a speed that it 
is mixed and the fixed number 
of times can be secured, and 
pulled out with turning a shaft. 
 
 
 
 
 

 
 

Figure 2-7 Procedure of construction 
 
 
 
 

Penetration  

Verification of 
Bottom line

Retrieval  

To the next pail  

Positioning  
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  2
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4

Deep Mixing´05 191



2.7  Mixing 
CDM-Land4 method using the blade (Table 2-9) 
 

Table 2-9 specification of mixing blade 
 
Item Speck 
Mixing blade 1.0 m and 1.2 m 
Count of mixing blade Standard type is 4 step, 2 

sheets 
Distance of shafts Φ1.0 m: 0.8 m to 1.5 m 

Φ1.2 m: 1.0 m to 1.5 m 
 
 
2.8  Mixing soil and speed of penetration, retrieval  
 

Table 2-10 Standard mixing soil and speed of 
 Penetration, retrieval 

 

 
Limitation: penetration and retrieval maximum speed are 
under 1.0 m / minute 
 
Number of times for mixing  
 T=ΣM * {(Nd / Vd)+(Nu / Vu)}  
Following  
 T: Number of times for mixing   (number / minute) 
 ΣM: Total of mixing blade   (The number of sheets) 
 N: The number of shaft rotation   (number / minute)  
  (Nd: penetration, Nu: retrieval) 
 V: Speed of shaft (number / minute)  
 (Vd: penetration, Vu: retrieval) 
 
Example for number of times mixing (1.2 m*4 shafts) 
Total of mixing blade ΣM = 4 step * 2 sheets / step 
  = 8 sheets 
The number of shaft rotation  
 : Penetration  Nd =19 number / minute 
 : Retrieval      Nu =38 number / minute 
 Speed of shaft: penetration    Vd =0.7 meter / minute 
  : Retrieval     Vu =1.0 meter / minute 
Number of times for mixing    T  = 8 * (19/0.7 + 38/1.0) 
   = 521 number / minute 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Picture 2-1 test of stretch shaft by 2 shafts auger 
 (Contraction) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Picture 2-2 test of stretch shaft by 2 shafts auger 
 (Expansion) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Base of value 
Standard speed of 
penetration, retrieval 

Diameter 
of 
mixing 
blade 
�m� 

Mixing 
soil 

(T) 

Total speed 
of 
penetration, 
retrieval 

Penetration Retrieval 

1.0 m 
T > 350 
times / m 

2.0 m / 
minutes 

1.0 m / 
minutes 

1.0 m / 
minutes 

1.2 m 
T > 400 
times / m 

1.7 m / 
minutes 

0.7 m / 
minutes 

1.0 m / 
minutes 
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3 Case Histories 
A construction case of Tokyo Metropolitan is introduced. 
The reason why The CDM-Land4 method of construction 
was adopted is because construction is early and a price is 
low. 
Project name: The improvement works for the foundation 
of JOUNANJIMA sewage sludge treatment plant 
Address: 5-2 Jounanjima Oota-ku Tokyo, Japan  
The client: THE TOKYO METROPOLITAN 
GOVERMENT  
Construction period: 13 February 2001 - 18 January 2002 

Contract person: Construction Joint Venture (SUMITOMO 
MITUI, AOKI, TOYO) 
Construction out line: This project constructs increasing 
mechanical concentrated facilities with pipeline for increase 
in the amount of sewage sludge. 
Main works : Digging earthwork, Foundation work, SC pile 
+PHCφ1000L= 56m, Sheathing work – steel sheet pile 
L=19.0m, Temporary pier work, Foundation improvement - 
deep mixing  method - construction improvement thickness 
= 6.4 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3-1 Location of project area 
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Picture 3-2 Plan of the construction columns 
 

 

 
Picture 3-1 under construction CDM-Land4 

 

 
Picture 3-2 Structure of CDM-Land4 
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Increase in strength with time in soils stabilised with different types of 
binder in relation to the type and amount of reaction products 
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Johansson, S.-E. 
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ABSTRACT: For design of deep mixing, the strength of different mixtures of soils and binders is normally investigated at 
various time intervals after mixing. However, limited design time often leads to tests being performed on only one or two 
occasions. The full strength development is thus not usually determined or taken into account. The variation in strength 
increase when using different types of binder has been studied for three stabilised soils up to two years after mixing in the 
laboratory. The study shows that there can be a considerable increase in strength also long after mixing. The results provide 
increased insight into the effect of different binders on the increase in strength of stabilised soils. 
 
 
1 INTRODUCTION 
The deep mixing method has been used to improve the 
strength and compression properties of soft soils for nearly 
thirty years. The method is well established in foremost 
Japan and the Nordic countries and has recently been 
introduced in an increasing number of countries (Bruce, 
1999; Terashi, 2003; Holm, 2003). An increasing number 
of binders is also being employed, although the most 
common binders used are still lime and cement. For design, 
series of laboratory tests on stabilised samples of different 
composition are normally carried out to provide a basis for 
the final choice of type and quantity of binder to be used. 
However, the number of tests is normally limited due to 
restraints on time and cost. Most often, the increase in 
strength with time is not fully investigated and time effects 
are not incorporated into the design calculations. This may 
lead to uneconomic solutions for a construction and 
underestimation of its long-term behaviour. 
 The increase in strength with time for various stabilised 
soils has been investigated in a large number of projects, 
although most of these investigations are limited to a few 
types of binder. Rough relations between strength and time 
have been reported, mainly for the common binders lime 
and cement (e.g. Porbaha et al., 2000; Kitazume & Terashi, 
2002; Horpibulsuk et al., 2003). Questions still remain, 
however, regarding the stabilisation effect of the different 
types of binders commonly discussed today. Further studies 
of these are necessary in order to improve the basis for the 
assessment of strength increase with time in design. 
 In order to study the stabilising effect of different 
binders, unconfined compression tests have been performed 
on samples of stabilised clay and organic soil up to 2 years 
after mixing in the laboratory. Since the different 
compounds produced by different binders in the soil are 
likely to influence the increase in strength to a large degree, 
rough estimates of the type and amount of these bonding 

have been made in this study, in order to gain a clearer 
understanding of the processes involved. In this paper, data 
on the increase in soil strength when using different types 
of binders are presented and a relation between strength and 
chemical reaction products is demonstrated.  
 The binders used in the present study were various 
combinations of cement, lime, slag and fly ash. The tests 
were part of a series of investigations concerning the 
properties of soft soils stabilised with different types of 
binder (Åhnberg et al., 2003; Åhnberg, 2003, 2004). 
 
 
2 SCOPE OF THE INVESTIGATION 
 
2.1 Types of soil 
Three types of soft soil were chosen for the investigation. 
Two of the soils were soft clays of types that had previously 
been shown to give diverse stabilising results in earlier 
investigations. The clays have fairly similar geotechnical 
properties according to the routine investigations, but are 
from different geological deposits. One of them is a post-
glacial clay from an area near Linköping in the eastern part 
of Sweden. It was deposited during periods of 
sedimentation in alternating lake and brackish sea water. 
The other clay is a marine post-glacial clay containing 
occasional shells, from a site near Löftabro on the Swedish 
west coast. The Löftabro clay has a somewhat higher water 
content and lower undrained shear strength than the 
Linköping clay. Both clays are high-plastic with liquid 
limits of approximately 70% and organic contents of 
approximately 1%. The third soil used in the investigation 
was an organic soil, a gyttja from Holma Mosse in the 
eastern part of Sweden. The stabilisation effects of different 
binders in this soil have been studied previously in the EC-
funded project EuroSoilStab (Åhnberg et al., 2000). The 
Holma gyttja is a clayey gyttja with a water content of 
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220% and a liquid limit of 170%. The organic content is 
10%. Results from laboratory tests of the three soils are 
presented in Table 1. 
  
2.2 Types of binder 
In the present investigation, two single binders and four 
composite binders were used. These were pure cement (c), 
pure lime (l), cement–lime (cl), cement–slag (cs), cement–
fly ash (cf) and slag–lime (sl). All the composite binders 
were used in proportions of 50:50 (by weight), and cement–
fly ash was also studied at the proportions 75:25. All the 
binders were used in a total quantity corresponding to 100 
kg per m3 soil. 
 The cement used in the investigations was the currently 
dominating standard cement in Sweden, a Portland-
limestone cement designated CEM II/A-LL 42.5 R (CEN, 
2000). The lime used was the quicklime normally used for 
deep stabilisation, CL90-Q (CEN, 2001). The slag was a 
ground, granulated blast furnace slag with a glass content of 
99%. This type of binder has so far been used only to a very 
limited extent for deep stabilisation of soils in Sweden. The 
fly ash used was pure coal fly ash from pulverised coal 
combustion. It was of Class F (ASTM, 2000), having 
pozzolanic properties. Fly ash has not yet been used for 
deep stabilisation in practice in Sweden, but a number of 
lime–fly ash test columns have been installed in a research 
project (Holm & Åhnberg, 1987). The composition of the 
different binders is given in Table 2. 
 
2.3 Preparation of samples 
Samples were prepared by first mixing the binder with the 
soil for five minutes. The mixtures were then placed in 
layers in ∅ 50 mm plastic tubes using a momentary 
compaction pressure of 100 kPa. The tubes were filled to a 
height of approximately 150 mm. Six to seven samples, 
including one spare sample, were prepared from each batch 
of soil-binder mixture. The tubes were sealed with rubber 
lids and stored in a climate-controlled room at 8°C. This 
mode of preparation and storage is common procedure in 
Sweden (Carlsten & Ekström, 1995). 
 
2.4 Testing 
To investigate the increase in strength of the samples, 
unconfined compression tests were performed 7, 28, 91 and 
364 days after mixing. Duplicate tests were performed 28 
and 91 days after mixing, whereas only single tests were 
performed after one week and one year. However, in cases 
of clearly deviating results, a spare sample was used for a 
 
 
 

Table 1. Properties of the test soils.  
 
 Linköping 

clay 
Löftabro 

clay 
Holma 
gyttja 

Depth (m) 3-6 2-5 3-5 
Density (t/m3) 1.55 1.52 1.23 
Specific gravity (t/m3) 2.72 2.73 2.36 
Plastic limit (%) 24 23 64 
Water content (%) 78 89 220 
Liquid limit1 (%) 70 66 170 
Undr. shear strength1 (kPa) 15 8 5 
Sensitivity1 20 25 10 
Organic content (%) 1.0 1.0 10 
Clay content (%) 63 72 80 
Chloride content (%) 0.01 0.38 <0.01 
Sulphide content (%) 0.05 0.18 0.20 
pH 7.7 8.7 8.5 

1Determined by the fall cone test (ETC5, 1998) 
 
 
control test. Two and a half years after mixing, the 
remaining spare sample of several of the test series was also 
tested.  
 The unconfined compression tests were performed at a 
rate of strain of 1.5%/min on specimens with a height to 
diameter ratio of 2. Prior to strength testing, the specimens 
were cut and smoothed to form parallel end surfaces. The 
end platens were lubricated with grease in order to 
minimise friction at the end surfaces. 
 
 
3 RESULTS AND DISCUSSION 
 
3.1 Measured strength increase  
The results of the tests showed that the increase in strength 
with time of the different types of stabilised soils varied 
considerably, both with type of binder and with type of soil. 
This is illustrated in Figure 1, where the results are shown 
as the mean values obtained from all the unconfined 
compression tests performed on samples stabilised with 
cement, lime and composite binders in proportion 50:50. 
During first three months after mixing, the most rapid 
strength increase occurred in the samples stabilised with 
binders containing cement. In general, the strength of these 
samples thereafter levelled off to fairly constant values or 
showed clearly reduced rates of long-term increase, 
whereas those containing lime exhibited a pronounced 
 
 

Table 2. Chemical composition of the binders.  
 CaO  

(%) 
SiO2 
(%) 

Al2O3  
(%) 

Fe2O3  
(%) 

MgO  
(%) 

K2O  
(%) 

Na2O  
(%) 

SO3 
(%) 

Lime    93.01   1.4   0.6 0.3   1.0 <0.1 <0.1 <0.1 
Cement  61.4 19.9   3.6 2.6   2.8   1.0   0.2   3.3 
Slag 32.1 35.2 13.6 0.2 16.8   0.6   0.6   1.8 
Fly ash   5.9 54.4 30.5 5.5   1.8   1.2   0.5   0.5 

1Available CaO, 92% 
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long-term increase in strength. The strength increase at 
different times after mixing is shown in Figure 2, where 
the 7-, 91- and 364-day strengths for the different binder 
combinations are normalised to the 28-day strength, a 
testing time often used for the evaluation of suitable 
binders in design. In samples stabilised with cement, 
cement–slag and cement–fly ash the strength after 7 days 
was about 0.4 to 0.7 times that of 28 days. One year after 
mixing with these binders, the strength had increased to 
between 1.2 and 2.8 times that of 28 days. The measured 
strength in cement–slag stabilised Löftabro clay and 
Holma gyttja after one year was lower than that after 
three months. However, partly jagged stress-strain curves 
were obtained in the tests on these samples, indicating 
the existence of cracks or other inhomogeneities in the 
specimens. The increase in strength of the cement- 
stabilised samples was of the same order as, or slightly  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Compressive strength measured at 7, 91 
and 364 days relative to the strength at 28-day vs 
type of binder. 

Lime  
Cement  
Cement–lime, 50/50 
Cement–fly ash, 50/50 
Cement–slag, 50/50 
Slag–lime, 50/50 

Figure 1. Measured compressive strength with 
time after mixing with cement, lime and 
composite binders 50:50. 
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higher than, that reported previously for cement 
stabilised soils (Porbaha et al., 2000; Horpibulsuk et al., 
2003). With binders containing lime, the long-term 
increase in strength was more pronounced, although it 
varied considerably with type of soil. Using lime alone or 
together with slag or cement gave 7-day strengths of 0.1-
1.0 and 1-year strengths of 1.3-13 times that at 28 days. 
 Although in many cases there is a distinct break in the 
strength vs time curve at one to three months after 
mixing, it is clear from the results that there may be a 
considerable increase in strength a long time after this. 
From the variation in short-term and long-term strength 
increase, it is evident that the various binders act in 
different ways. The bondings created by the binders are 
not simply of a different type or strength, they also take 
different times to form. 
 
3.2 Estimates of bondings formed by hydration 
processes and pozzolanic reactions influencing 
strength  
The chemical reactions involved in the hydration of 
different types of cement or lime have been described 
and discussed thoroughly in many papers and textbooks 
(e.g. Taylor, 1997; Boynton, 1980). The chemical 
processes involved in soil stabilisation have also been 
described (e.g. Chew et al., 2004; TRB, 1987; Saitoh et 
al., 1985; Ingles & Metcalf, 1972, Ruff & Ho, 1966), 
although descriptions of the effects of binders other than 
lime and cement are more scarce in the literature. In 
order to improve the basis for the evaluation of the 
effects of different types of binders and possible strength 
increase with time from strength tests performed on 
stabilised soil, relations to chemical reactions and 
reaction products can be investigated. In analysing the 
test results, rough assessments of the reaction products 
were made with respect to type and quantity of binder.     
 Figure 3 shows a rough outline of the principal 
chemical processes taking place and the resulting 
reaction products when mixing common binders with the 
soil. In the figure, abbreviations are used for the reaction 
products. In describing the chemical reactions taking 
place in the hydration processes of cementitious binders, 
a number of abbreviations are normally used for various 
compounds. The most common of these abbreviations are 
shown in Table 3. When mixing binders such as those 
used in the present study with soil, similar types of 
bonding are formed. However, the chemical processes 
and the main type of reaction products differ somewhat 
depending on the type of binder used. 
 When mixing quicklime, which contains large 
amounts of calcium oxide, (C), into the soil, hydration 
will occur as this lime comes into contact with the pore 
water in the soil, resulting in the formation of calcium 
hydroxide (CH). As the CH is generated, some of it will 
be adsorbed to the soil particles. Ion exchange with 
primarily Na+ and K+ ions in the soil will take place, 
leading to modification of the soil into a somewhat drier, 
coarser structure due to the slaking processes and a 
flocculation of the clay particles. The CH not consumed 
in this process is free to react with the silica (S) and 

Table 3. Abbreviations commonly used in binder 
chemistry.  
 

Abbreviation Chemical product 
C CaO 
H H2O 
A Al2O3 
S SiO2 
F Fe2O3 

AFm,t AF mono and  tri phases (e.g. ettringite) 
 
 
alumina (A) contained in minerals present in the soil. 
These pozzolanic reactions, which are normally relatively 
slow, due to a restricted accessibility of silica and 
alumina in the soil, may result in the formation of 
calcium aluminate silicate hydroxide (CASH), calcium 
silicate hydroxide (CSH) and/or calcium aluminate 
hydroxide (CAH) (e.g. TRB, 1987).  
 Cement, on the other hand which, apart from C also 
contains a considerable amount of S, will primarily form 
the C-S-H gel at hydration. Besides CSH, a certain 
amount of CH is also generated. As in the case of lime, 
this CH may react with minerals in the soil contributing 
to an increase in long-term strength by also forming 
CASH, CSH and/or CAH. Other cement reaction 
products which may contribute to the increase in 
strength, although to a lesser degree, are various 
aluminate ferrite tri phases, e.g. ettringite, and mono 
phases (AFt/AFm).  
 Slag, which is a latent hydraulic cement, will react in 
much the same way as ordinary cement and lead to the 
formation of similar hydration products. However, since 
slag as a rule has to be activated by adding some form of 
alkali (Taylor, 1997) it is normally used in combination 
with other binders, e.g. cement, in order to be effectively 
activated by the CH generated by the latter. The build-up 
of reaction products is normally much slower with slag 
than with ordinary cement. However, the long-term 
strength of hydrated slag in combination with cement is 
normally higher than that of hydrated cement alone. In 
slag, the ratio of C to S is lower than in cement. The 
chemical composition of slag corresponds to that of a 
cement containing a higher amount of belite, C2S, and 
less alite, C3S, the two principal reactive components in 
ordinary cement, the former normally generating a higher 
long-term strength following hydration. 
 The fly ash acts mainly as a pozzolanic material, i.e. 
the silica and alumina react with any CH added to or 
formed in the soil after mixing. It is not treated as a 
reactive material in itself. However, the silica and 
alumina in fly ash are often more easily accessible for 
reactions with any CH added through the binders, 
compared with the same minerals in the soil. The 
reaction products generated are much the same as those 
of soils containing silica and alumina, i.e. mainly CASH, 
CSH and/or CAH. 
 In order to further understand the way in which the 
various reaction products generated from different types  
of binder affect the increase in strength with time after 
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Figure 3. Rough outline of the principal chemical reactions and reaction products formed by different types of 
binders. The abbreviations are explained in Table 3. 
 
 
mixing, rough estimates were made of the amount of 
bondings being formed. The amount of reaction products 
generated when adding a quantity of binder 
corresponding to 100 kg/m3 to the soil was assessed 
based mainly on the mole weights of the principal 
chemical elements involved. When using quicklime, the 
amount of CH generated by slaking can be calculated as 
follows: 
 
100 kg CaO + 32.1 kg H2O → 132.1 kg Ca(OH)2 (1) 
 
The lime used in the study had an available C content of 
92%. Adding 100 kg of this binder would thus generate 
about 122 kg CH. Assuming roughly that this CH in turn 
reacts fully with the silica and alumina present in the soil 
and that then primarily CASH, expressed in the form of 
strätlingite, C2ASH8, is formed, the quantity of the latter 
can be calculated according to:  
 
100 kg CH + 109 kg (A+S) + 73 kg H→ 282 kg CASH   (2) 
 
A quantity of 100 kg/m3 of the quicklime may thus 
produce approximately 343 kg of reaction products per 
m3 of soil.  
 For hydrated cements, the chemically bound water 
content is typically about 28% (Betonghandbok, 1997) to 
32% (Taylor, 1997). Apart from the main constituent 
C3S2H3, hydrated cement typically contains about 25% 
CH (e.g. Betonghandbok, 1997; Taylor, 1997). The 
quantity of CH formed varies with the ratio of alite to 
 

 
belite in the cement. Estimates of the quantities of 
hydration products formed, mainly in the form of CSH 
and CH, were made according to: 
 
100 kg cement + 30 kg H → 98 kg CSH +32 kg CH       (3) 
 
The CH may react with the minerals in the soil. 
Assuming that principally strätlingite is formed, this 
would result in about 90 kg CASH. The total amount of 
reaction products formed by the cement can thus be 
estimated to be about 188 kg. The binder combination 
cement–lime (50:50) can be estimated to result in a 
quantity of reaction products between those of pure 
cement and pure lime.  
 Slag will typically generate about the same types of 
reaction product as cement. However, the water content 
is generally lower and the paste somewhat denser than 
that of hydrated Portland cement. The quantity of CH 
formed by slag is low. When used together with cement, 
the quantity of CH produced has been reported to be even 
lower than if slag had not taken part in the reactions 
(Taylor, 1997). The composite binder cement–slag 
(50:50) was roughly estimated to generate reaction 
products according to:   
 
100 kg cement–slag + 25 kg H → 110 kg CSH + 15 kg CH    (4) 
 
A total quantity of 152 kg of reaction products was 
calculated assuming that the CH in turn reacts with the 
soil minerals and forms CASH. Using slag together with 
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lime, was estimated to lead to about 230 kg of reaction 
products.  
 The last binder used was fly ash, which contains 
large amounts of S and A but only limited amounts of C, 
in combination with cement. When fly ash and cement 
are used in equal proportions, the CH formed following 
hydration was calculated to lead to about 56 kg CASH 
resulting from the fly ash. Since the amount of CH 
available is limited, excess S and A will remain in the fly 
ash. A larger amount of cement in relation to fly ash 
(75:25), which could utilise more of the S and A present 
in the fly ash, was also tested in a number of samples. 
The estimated quantity of reaction products resulting 
from reaction with the fly ash and also minerals in the 
soil was then about 69 kg CASH. A shortage of A in the 
fly ash may well lead to the formation of larger quantities 
of CSH instead of CASH. However, for comparison 
between the different binders, the calculations were 
consistently performed based on formation of CASH. 
 The rough estimates of amounts of reaction products 
formed by the various binders are summarised in Table 4. 
In comparing the principal reaction products generated 
by the different binders, it can be seen that there are large 
differences in total quantities as well as the mechanism of 
formation, whether by the more short-term cement 
reactions or by the long-term pozzolanic reactions. This 
is likely to affect the increase in strength with time in the 
various stabilised samples. 
In general, the formation of CSH following hydration of 
cement is a faster process than the pozzolanic reactions 
resulting from adding lime or cement. However, it should 
be kept in mind that in the stabilisation of soils, a number 
of factors may influence the rate of strength increase. 
Possible retarding or accelerating chemical elements in 
the soil, as well as variations in temperature or stresses 
may lead to widely deviating increases in strength. The 
amount of water and the type and concentration of alkalis 
in the pore water are factors that may affect the solubility 
of the potential pozzolanic elements of the soil 
(Buchwald et al., 2003), which in turn will affect the rate 
of pozzolanic reactions with time. Furthermore, it should 
be observed that although the different reaction products 
may be of the same type, the denseness, and thus also the 
strength, may vary depending on different factors. For  
 
 
Table 4. Estimated maximum quantities of the main 
reaction products formed from 100 kg of each 
binders per m3 of soil. 
 
Binder Cement 

reactions
(kg) 

Pozzolanic 
reactions 

(kg) 

Total 
 

(kg) 
Lime - 345 345 
Cement 100   90 190 
Cement–slag 110   40 150 
Slag–lime   60 170 230 
Cement–lime   50 215 265 
Cement–fly ash (50:50)   50   55 105 
Cement–fly ash (75:25)   75   70 145 

example, the amount of contained, unreacted CH present 
in the hydrated cement may affect the porosity of the 
paste. 
 
3.3 Achieved strength in relation to estimated 
bondings formed by hydration and pozzolanic 
reactions 
 In analysing the effect of the type of soil on the 
strength measured in the unconfined compression tests in 
the present study, several similarities were observed. The 
strength levels were approximately the same in the 
Löftabro clay and the Holma gyttja, and to some extent 
also in the Linköping clay for binders containing cement 
alone or in combination with slag or fly ash. However, 
the effect of lime in the Linköping clay was very limited. 
The test results clearly indicate that for stabilisation with 
cement or other binders not leading solely to pozzolanic 
reactions with minerals contained in the soil itself, all 
three soils can be regarded as having normal, high 
potential for stabilisation, without any substantial 
retarding substances in the pore water. Lime and other 
binders involving a large degree of pozzolanic reaction 
also showed high potential for stabilisation in two of the 
soils, but not for the Linköping clay. It can be noted that 
although the Holma gyttja contained about 10% organic 
material, its potential for stabilisation seems not to be 
lower than that of the others. Although lime alone, in 
accordance with normal practice for organic soils, was 
not used in this soil, the results when using the combined 
binders cement–lime and slag–lime were similar to those 
obtained by these binders in the Löftabro clay. Using 
lime alone in the Holma gyttja would have meant that the 
CH had not been able to react in full to form CASH, 
because of a shortage of alumina in this organic soil. This 
in turn would have resulted in a larger proportion of CSH 
instead of CASH or CAH being formed and thus a lower 
total amount of reaction products.  
 Figure 4 shows the calculated quantities of reaction 
products formed by the different types of binders, drawn 
as bars with the scale on the left axis. The bars are 
divided indicating products formed by cement reactions, 
pozzolanic binder reactions and pozzolanic soil reactions. 
For comparison, the strength measured 28 days and 1 
year after mixing are plotted in the same diagram with 
the scale on the right hand axis. The full line in the 
diagram shows the mean strength for all three soils after 
28 days, i.e. relatively soon after stabilisation, while the 
two dash-dotted lines show the relatively large variation 
in long-term strength resulting from the different binders 
after one year.  
 The diagram shows that the variation in short-term 
strength after 28 days for the different binders roughly 
mirrors the variation in the estimated quantities of the 
cement hydration products in terms of CSH. An 
exception is slag–lime, for which the measured strength 
was somewhat lower than that of the others in relation to 
the calculated amount of hydration products. This is in 
accordance with the slower strength increase commonly  
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Figur 4. Estimates of the amount of reaction 
products contributing to the strength of the 
stabilised soils (bars) together with the strength 
measured in the three soils one month and one year 
after mixing (curves). 
 
 
ordinary cement hydration, cf. comment in previous 
section. After one year, the strength had continued to 
increase in varying degrees for the different stabilised 
soils. The increase to a large extent reflects the possible 
amount of pozzolanic reactions taking place. Slag is an 
exception also after one year, foremost in combination 
with lime, which exhibits a more pronounced long-term 
strength increase compared to the other binders. For all 
binders except cement and cement–fly ash (50:50), there 
is a relatively large variation in strength depending on the 
type of soil, which to a large degree is related to the 
exceptionally slow progress of pozzolanic reactions in 
the Linköping clay. 
 
3.3 Considerations when predicting strength in 
design  
The observed pattern of the increase in strength for the 
same type of soil when stabilised with different types of 
binders, may serve as basis for assessments of strength 
increase with time. The approach used in the present 
study, i.e. relating the increase in strength to possible 
reaction products, has provided an increased 
understanding of the processes governing the 
development of cementing bonds in soil.  
 However, the results can only be used for rough 
estimates of differences in strength increase for different 
binders in otherwise similar conditions. It should be 
noted that in the tests, the temperature during curing was 
the same for all samples. In deep mixing in the field, the 
temperature of soils stabilised with binders containing 
quick lime can be expected to be higher than those 
containing only cement, slag or fly ash in any 
combination. A higher temperature will speed up the 
chemical processes involved, resulting in a faster rate of 

strength increase with time (Åhnberg & Holm, 1987; 
Åhnberg et al., 1989). Other factors that must be taken 
into account are the stress level after mixing and whether 
further loading is carried out. This may influence the 
density and in turn the increase in strength of the 
stabilised soil. The use of combinations of binders may 
have an extra positive or negative effect on the strength 
of the stabilised soil, by way of one binder altering the 
conditions for the bonding processes of the other, e.g. 
through a change in density, water content, workability 
or temperature. Furthermore, in estimating the strength 
increase, the possible influence of retarding substances or 
other factors such as varying mixing work or binder 
quantity should always be considered. 
 While the strength increase will not be the same in the 
field as in samples stabilised in the laboratory, the 
principal effects of different binders can be expected to 
be fairly similar. Provided that sufficient binder 
quantities are used, a significant long-term strength 
increase can be expected also in the field, especially for 
binders containing some amount of lime. Continued 
increases in strength measured also long after installation 
have thus been reported for lime–cement columns at a 
number of sites (e.g. Edstam et al., 2004) as well as for 
cement columns in a number of investigations (e.g. 
Hayashi et al., 2003). 
 Although different types of chemical reactions are 
obviously involved when mixing soils with various 
common binders, this has been shown not to affect the 
fundamental behaviour of the stabilised soils to any 
significant extent (e.g. Åhnberg, 2003, 2004). The type 
and amount of binder chosen can strongly affect the 
strength achieved at a certain time after mixing, and the 
increase in strength with time should be taken into 
account in design. However, the behaviour of the 
stabilised soil at a specific strength level will be 
approximately the same independent of the type of binder 
used. 
 
 
4 CONCLUSIONS 
Strength tests have been performed on samples consisting 
of different types of binder mixed into three types of soil, 
giving increased insight into the effect of the different 
binders on the increase in strength with time in stabilised 
soils.  
− The use of cement, lime, slag and fly ash may give 

varying increase in strength with time in stabilised 
soils depending on the combination of binders chosen.  

− The increase in strength was found to be roughly 
related to the type and quantity of possible reaction 
products. 

− Substantial long-term increases in strength were 
observed for several of the binder combinations.  

 The results of this study highlight the importance of 
taking into account a time factor in estimating the 
strength of stabilised soils in design. In order to better 
account for the life-time behaviour of a foundation on 
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stabilised soil, a time factor should be incorporated into 
the design models for soil improvement by deep mixing. 
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