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 Summary 

An introduction to ground treatment methods, this report explains the available 
techniques and their variations by systematic descriptions of the physical principles, the 
equipment, the methods and the effectiveness that can be expected for each. General 
guidance is given on the matters to be considered when ground improvement is being 
considered as an option. Particular attention is given to the responsibility for design and 
the roles of those involved in the design process and in control of the treatment. 
Guidance is given on selection of appropriate techniques by reference, where possible, to 
comparative studies and to case histories. Individual techniques are described separately, 
with key references on their design and use. The techniques are grouped as those that 
achieve improvement by vibration, adding load, structural reinforcement, structural fill, 
admixtures, grouting, thermal methods and vegetation. 
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 Foreword 

This report presents the results of a research project carried out for CIRIA by the late 
J M Mitchell of Ove Arup and Partners. His untimely death prevented John Mitchell 
from completing both this report and what was intended as a more detailed 
accompanying report on deep compaction techniques. John had assembled much more 
material than is given in this report and, prior to preparing the final document, had 
reached the stage of selecting what should be included and what left out. In this, he and 
CIRIA�s research manager, F M Jardine, had been working closely together and had 
agreed the general structure and much of the content and to share authorship. Since then, 
with the help of John�s colleagues at Arup Geotechnics, the second author took over 
completion of the report. It is hoped that it does justice to John�s work and to his 
intentions for it. 

This report was largely completed before 1993 but has been reviewed and updated in the 
light of comments made in 1999 and 2000 by the steering group for CIRIA Project 604 
� Treated ground: engineering properties and durability�. 

Following CIRIA�s usual practice, this project was guided by a steering group, which 
during the course of the project comprised: 

Mr C Garrett (chairman) then of Kent County Council 
Dr A L Bell  Keller Ground Engineering Ltd 
Dr J A Charles Building Research Establishment 
Dr D A Greenwood then of Cementation Piling & Foundations Ltd  
Dr R A Jewell then of GeoSyntec Consultants 
Dr L M Lake then of Mott MacDonald Group 
Mr M P Moseley Keller Ground Engineering Ltd 
Mr N A Trenter then of Sir William Halcrow & Partners. 

CIRIA�s research manager for the project was Mr F M Jardine.  

Although the report does not include post-1993 modifications of techniques or many 
recent case histories, it has been reviewed by the CIRIA steering group for Research 
Project 604, who recommended its publication and provided comment. Some additional 
notes are given in italics at the start of sections to draw attention to recent changes not 
fully addressed in the report. 

Note 

Government reorganisation has meant that DETR responsibilities have been moved 
variously to the Department of Trade and Industry (DTI), the Department for the 
Environment, Food and Rural Affairs (DEFRA), and the Department for Transport, 
Local Government and the Regions (DTLR). References made to the DETR in this 
publication should be read in this context.  

For clarification, readers should contact the Department of Trade and Industry. 
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1 Introduction 

CIRIA is publishing a series of reports on particular forms of ground improvement 
processes, ie dewatering (Preene et al, 2000), vertical drains (Holtz et al, 1991), 
geotextiles for soil reinforcement (Jewell, 1996), and geotechnical grouting (Rawlings  
et al, 2000). There are many other techniques for ground improvement, less widely used 
but capable of providing economic technical solutions for the many types of poor 
ground. This report is an introduction to ground improvement methods; it sets out the 
available techniques and their variations by systematic descriptions of the principles, the 
equipment, the methods and the effectiveness that can be expected for each. The report, 
therefore, is a general guide to the available techniques by which ground can be 
improved and to the situations for which particular techniques are appropriate. 

Since the start of the research project on which this report is based, several important 
texts have been published on this and associated subjects, eg Ground Improvement (ed 
M P Moseley, 1993), Soil improvement techniques and their evolution (Van Impe, 
1989), and Building on fill: geotechnical aspects (Charles, 1993). Under the auspices of 
the International Society for Soil Mechanics and Geotechnical Engineering, Thomas 
Telford Ltd now publishes a quarterly journal entitled Ground Improvement. In 
addition, there have been several speciality conferences, such as the three on ground 
improvement systems, again sponsored by the International Society through its 
technical committee on this subject, TC-17. The committee�s website 
(http://tc17.poly.edu/ikd.htm) includes descriptions of improvement techniques and a 
database. 

In 1999, CIRIA started a new research project to provide guidance about the engineering 
properties and long-term performance of treated ground. That report, CIRIA publication 
C572 Treated ground: engineering properties and performance (Charles and Watts, 
2002), complements and amplifies the content of this one, without having to repeat the 
explanations and descriptions of the techniques given here. 

1.1 THE OPTION OF IMPROVING THE GROUND 

Virtually all engineering construction involves the ground. In poor ground conditions 
there are five options: 

�� to bypass the poor ground, by moving to a new site, or using deep foundations to 
stronger ground 

�� to remove the poor ground, replacing it with better material 
�� to design the structure to allow for the behaviour of the poor ground under load 
�� to treat the poor ground to improve its properties (ie ground improvement) 
�� to abandon the project (the promoter�s decision). 

The fourth option, of ground treatment, gives considerable scope to engineers for finding 
a viable solution to the problems of poor ground. A wide range of treatments is 
available, techniques can be selected and combined to cope with different aspects of the 
poor ground, and there is increasing confidence both in what can be achieved by well-
executed treatment and in its proper integration into the overall scheme for the 
construction. All these points are evidence of how valuable is this option.  
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The objective of treatment is improvement. When ground treatment is being considered 
as an option, it is important that all who will be involved in it should recognise not 
only what can reasonably be achieved by a particular technique, but also the extent of 
their responsibility if it is chosen. 

For this reason, therefore, the first three sections of this report address issues general to 
all ground improvement schemes. The issues are of responsibility for design, of site 
investigation, of assessing and minimising the risks inherent in the chosen ground 
treatment scheme, and of matters relating to placing and completing a treatment 
contract. The recommendations given on these issues are for good practice; as such, they 
are intended for the benefit of promoters, project design professionals and specialist 
ground engineering contractors. 

It is the variability of the ground � which is not only the engineering material itself, but 
also the medium in which the work takes place � that makes ground engineering an 
iterative process of discovery and innovation. When the objective of the work is to 
improve the ground in specific ways, success � and demonstrating it � depends upon 
first knowing what the existing ground is like and then, during the work and later, upon 
evaluating the effect of the treatment technique. Control testing and assessment of the 
effectiveness of the treatment are thus essential components in a scheme of ground 
improvement. There may also be reason to monitor the long-term performance of the 
treated ground and of structures built on it. 

Aspects that have to be considered in selecting the appropriate ground improvement 
technique are discussed in general terms (Section 3.3), in the descriptions of individual 
techniques given in Sections 4 to 11 inclusive, and in relation to the combinations of 
different methods (Section 12) and to the results of comparative studies published by 
others (Appendix B). 

In Sections 4 to 11, the techniques of ground treatment are explained under the 
following headings: 

�� definition, of the terms used for the technique 
�� principle, of the mechanics by which the treatment takes effect 
�� description, of the methods used  
�� applications, for which the technique is used 
�� limitations, that could affect the suitability of the technique 
�� design, by pointers to sources of design guidance 
�� control, of the treatment works by tests and measurements. 

These explanations are necessarily introductory, but references are provided that give 
further and more detailed information. For techniques that are essentially standard civil 
engineering operations, such as earthworks, there is no text section on controls.  

It is important to recognise that the limitations are not necessarily sufficient reason 
for a technique to be excluded from consideration. Modification to the construction 
method or design may be possible � the point being that these possible limitations 
should be appreciated at the feasibility stage of a project. It is the nature of many 
ground treatment techniques that their capability is continually being extended, 
overcoming what were previously seen as limitations. Moreover, different techniques 
can be combined to cope with a greater range of situations than one method on its 
own. 
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1.2 GROUND IMPROVEMENT 

The term � ground improvement� is open to different interpretations. First, it is an 
intention or objective, not the process of achieving it, although the term is often used in 
that sense. Second, improvement is a relative condition as to which aspect and to what 
degree there is improvement. 

From the outset of this CIRIA project there was debate in the steering group guiding the 
research and in the minds of the authors about what the report should be included in the 
report. Should the coverage be restricted to those treatment techniques that alter the state 
or nature of the in-situ ground materials, in the way, for example, that deep compaction 
by increasing their density changes the state of granular soils, and permeation of 
grouting changes the nature of ground by sealing its pores? If changing the ground�s 
nature at the micro scale is easily recognisable as resulting in an improvement of its 
condition, what if the treatment is of a large mass of ground by the inclusion of discrete 
reinforcing elements that, in themselves, do not alter either the state or nature of the 
ground strata? The best example of this is piling, which would not usually be thought 
of as ground treatment. A third question relates to the improvement of fill materials: for 
example, are reinforced soil embankments, reinforced foundation soil or track beds 
examples of ground improvement? Even less clear is the use of lightweight fills instead 
of increasing the stiffness and strength of the underlying weak ground. This technique 
has been included if only for the reason that its use is often in combination with 
foundation improvement. 

For the purposes of the coverage of this report, the following general definition of ground 
treatment is suggested: 

Ground treatment is the controlled alteration of the state, nature or mass behaviour 
of ground materials in order to achieve an intended satisfactory response to existing 
or projected environmental and engineering actions. 

1.3 PRINCIPAL METHODS FOR GROUND IMPROVEMENT 

Ground treatment techniques have developed greatly over the past 30 or so years and the 
possibilities for new applications appear to be increasing. This part of ground 
engineering is one where practice precedes theory. Research follows development, not 
just in trying to explain why a technique works but, more importantly, to establish 
rational, rather than empirical, design methods and to see how the technique can be 
improved and its limitations identified. In the United Kingdom, some 75 per cent of the 
ground improvement contracts using the techniques of vibro-replacement and dynamic 
compaction are for man-made ground. These two techniques, including their application 
to loose or soft natural soils, are probably the commonest type of ground treatment used 
in the UK. For overseas work, the proportions of specialist ground treatments are 
reversed, ie 30 per cent are for man-made ground and 70 per cent for natural ground. 

There are, of course, many other techniques than the two mainly used in UK. In this 
report, more than 30 are described separately, but for most there are variations that 
extend the versatility of the basic technique. Increasingly, different techniques are being 
used in conjunction (see Section 12.1) to considerable advantage in time and cost. 
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The techniques of ground improvement have been grouped into broad categories: 

�� improvement by vibration (Section 4) 
�� improvement by adding load (or increasing the effective stresses) (Section 5) 
�� improvement by structural reinforcement (Section 6) 
�� improvement by structural fill (Section 7) 
�� improvement by admixtures (Section 8) 
�� improvement by grouting (Section 9) 
�� improvement by thermal stabilisation (Section 10) 
�� improvement by vegetation (Section 11). 

Although the above headings for the groups of methods reflect what is being done to the 
ground to improve it, they do not characterise the way the ground is to be improved, 
nor do they show the purpose of the improvement. 

Many of the techniques can be used for different purposes and by enhancing one aspect of 
soil behaviour other aspects are also improved. The use of vertical drains accelerates the 
gain in strength of a soft foundation and allows settlement to take place more rapidly. 
The purpose of permeation grouting of a water-bearing sand to be tunnelled through 
would be to achieve sufficient strength for safe excavation; the complementary result of 
low permeability and minimal water inflow is a necessary though subsidiary benefit. 
This latter example highlights the need for thought about the purpose of the ground 
treatment. The problem is not the quantity of water that would enter the tunnel, but the 
instability of the ground, ie the sand would run with disastrous consequences. The 
treatment is not to achieve a low permeability but to create a uniform mass of 
sufficiently strong material able to resist the water pressure and prevent piping and 
erosion. 

1.4 PURPOSES AND EFFECTS OF GROUND TREATMENT 

Ground treatments should not just be thought of as temporary construction expedients, 
although many of the techniques are used to great advantage in this way. Increasingly, 
the improved ground is an integral part of the finished works, eg reinforced soil, stone 
columns by vibro-replacement. Even techniques intended as short-term improvement 
contribute to the permanent works. The use of vertical drains to speed up consolidation 
achieves a permanent improvement and the process is usually integrated with the 
construction of the permanent works. Three situations can be considered in relation to 
the purpose of the treatment: 

�� temporary, eg dewatering or ground freezing, where the improvement is only during 
the application 

�� short-term, eg some forms of grouting, or the use of basal reinforcement for an 
embankment on a soft foundation, where the treatment has a lasting effect, but its 
purpose is achieved during construction 

�� long-term, eg soil nailing, vibro-replacement, curtain grouting of a dam, where the 
treatment is integral to the permanent works. 

The effects of ground treatment can be considered from two angles: 

�� the benefit or effect on the work of construction for which the treatment is sought, eg 
less or faster settlement 

�� the effect on the properties or behaviour of the ground, eg greater strength or 
stiffness. 
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The first of these is the driving force or justification for the treatment; the second is the 
identification of what aspect of the ground should be improved. Cost and practicability 
underlie both ways of defining the purpose of the treatment. Different techniques by 
different methods may achieve similar effects; usually they would have to be compared 
against a construction method not relying on ground improvement. 
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Table 1.1 Benefits to construction work of different ground treatment techniques 

 Benef it 

Technique Higher 
bearing 
capacity 

Less or 
more even 
settlement

Faster 
settlement
time 

Ground-
water 
control 

Reduced 
liquefactio
n potential 

Increase
d erosion 
resistanc
e 

Improved 
face/slope 
stability 

Report 
section 

Vibration        4 

vibro-compaction ��� ���   ���  � 4.1 
vibro-replacement ��� ��� �  ���  � 4.2 
dynamic compaction ��� ���   ���  � 4.3 
vibratory probing ��� ���   ���   4.4 
compaction piles ��� ���   �   4.5 
blasting ��� ���   �   4.6 

Adding load        5 

pre-compression ��� ���      5.1 
vertical drains ��� ��� ���     5.2 
inundation  ���      5.3 
vacuum preloading ��� ���      5.4 
dewatering fine soils � �  ��� � � ��� 5.5 
pressure berms       ��� 5.6 

Structural reinforcement        6 

reinforced soil � �    � ��� 6.1 
soil nailing      � ��� 6.2 
root and micro-piles ��� �     � 6.3 
slope dowels       ��� 6.4 
embankment piles � ��� �     6.5 

Structural f ill        7 

remove-and-replace � ��� �     7.1 
displacement ��� � �     7.2 
reduced load  ���      7.3 

Admixtures        8 

lime/cement columns ��� � � ��� �  � 8.1, 8.2 
mix-in-place by single 
auger 

� � � ��� �  ��� 8.3 

lime stabilisation of 
slopes 

     � ��� 8.4 

stabilisation of subgrades ��� ���      8.5, 8.6 

Grouting        9 

permeation � �  ���  � ��� 9.2 
hydrofracture � ��� ��� �   ��� 9.3 
jet grouting ��� ���  ���   ��� 9.4 
compaction grouting ��� ��� �     9.5 
cavity filling � ���  �    9.6 

Other methods        10 

freezing    ���   ��� 10.1 
heating �      � 10.2 


