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ABSTRACT: At the XII ECSMGE conference 1999 in Amsterdam a paper by Berggren was presented, 
“Ground Improvement – an overview”. The intention of the paper was to form part of discussion in the 
field of ground improvement and it dealt with categorization and classification of ground improvement. 
The results of a literature search were discussed with regard to general content and development trends. 
Essential safety tools such as quality assurance and risk assessment was discussed, as were environmental 
aspects. The intention now is to develop a continuation of this paper by doing and analyzing a new 
literature search between 1997 and 2015. More than 4200 literature references during this period have 
been classified in different categories. The result of the classification may lead the researcher to find his 
way in this vast area of technology. 
 

1. INTRODUCTION 

Ground improvement methods are being used more 
and more frequently as increasing environmental 
requirements and economic aspects demand the use 
of soil material on site or nearby. To protect the 
surroundings, more obvious requirements e.g. on 
lower limits for vibrations and noise in dense 
populated areas are essential. Also the methods 
themselves have been developed to meet the 
environmental needs. The objectives of ground 
improvement are many.  

Road, railroad and airport projects involve 
moving large quantities of soil. Compaction of 
these masses is essential. If the subsoil consists of 
compressible non-cohesive soil, deep compaction 
must be used if the soil layers are more than 2-3 m 
thick. Vibroflotation, deep vibration methods or 
heavy tamping may then be considered. In 
cohesive soils, pre-loading together with vertical 
drains can be used together with lime and lime-
cement columns. Stone columns are frequent in 

some parts of the world. Jet grouting is often 
suitable in bridge and house construction projects, 
especially when excavation and foundation works 
are combined.  

Large fill operations require compaction in 
layers. Beneath dams and around subsoil 
structures, conventional cement grouting is 
normally used, sometimes together with chemical 
grouting. Ground improvement in harbor projects 
is used primarily in existing soil and fills behind 
quays. Deep compaction and deep vibration 
methods are then often used. In environmental 
projects, e.g. systems to handle waste materials, 
one problem is to prevent chemicals from leaching 
and affecting the ground water. A grouted sealed 
screen can be used to cut off the ground water flow 
from a deposit or suchlike. However, the use of 
ground improvement can only come into question 
if technical, environmental and economic 
requirements are satisfied.  

Ground improvement relates in general terms to 
improvement mainly of soil layers but to some 
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extent also to improvement of rock. This paper will 
relate only to improvement of soil layers. 

The specific geotechnical purpose of ground 
improvement may be one of many, e.g. to decrease 
settlements, differential settlements and hydraulic 
conductivity, to increase stiffness, bearing 
capacity, hydraulic conductivity and to protect or 
clean from pollution. 

2. CLASSIFICATION 

The improvement methods are mainly depending 
on purpose, soil type, depth of soil to be improved, 
water and ground water conditions, time available, 
location, experience, standards and codes, 
economy and environment. Munfakh (1997) 
divides ground improvement methods into the 
following categories: densification, consolidation, 
reinforcement, chemical stabilization, thermal 
stabilization, and biotechnical stabilization. 

The classification of Ground Improvement has 
attracted considerable interest and effort over the 
years. There are different opinions on the matter in 
different parts of the world and in different 
organisations.  

Berggren & Lundin (1992) presented a 
classification, Table 1, as did van Impe (1989), 
Table 2. 
Table 1 Classification according to 
Berggren & Lundin (1992). 
Static 
methods 

Static compaction rollers, Pre-loading, 
Vacuum, Ground water lowering, 
Compaction grouting 

Dewatering 
methods 

Electro-osmosis, Vertical draining 

Dynamic 
methods 

Falling Weight, Vibro-Wing, 
Resonance compaction, Vibroflotation, 
Blasting, Stone columns, Vibrating 
plate/roller 

Chemical 
methods 

Lime/cement columns, Grouting, Jet 
grouting, Shallow stabilization 

Thermal 
methods 

Freezing, Heating 

Interaction 
methods 

Reinforcement with geo-textiles, 
nets and nails, Compaction piling 

Replacemen
t methods 

Excavation, Lightweight material, 
Pressure berms 

According to Technical Committee 17 of the 
ISSMGE, the classification of ground improvement 
techniques, comprising a total of 29 methods, 
Table 3.  

In 1997 the ASCE Soil Improvement and 
Geosynthetics Committee (SIG) presented a 
classification, Table 3. In the ASCE classification, 

lime columns and stone columns are separated, 
which is natural, bearing in mind their differences 
regarding performance, design, control etc. 

Table 2 Classification according to van 
Impe (1989). 
Temporary 
improvement 
methods 

Water table lowering, Ground 
freezing, Electro-osmosis 

Permanent 
improvement 
methods without 
addition of any 
material 

Surface compaction, Heavy 
tamping, Compaction by 
explosives, Deep compaction using 
vibratory equipment, Soil 
improvement by thermal treatment 

Permanent 
improvement by 
adding 
materials 

Lime and cement stabilization for 
surface layer improvement, Lime 
and lime/cement columns, Soil 
replacing techniques, Pre-loading 
in combination with vertical 
drains, Reinforcement elements, 
Reinforced earth 

 
Table 3 Classification according to ISSMGE 
TC-17 and ASCE SIG Committee (1997). 
ISSMGE TC-17 
Classification 

 ASCE SIG Committee 
Classification 

Dynamic compaction, 
Vibrocompaction, 
Vacuum consolidation, 
Drainage, Pre-loading, 
Blasting, Electro-
osmosis, Heating, 
Freezing, Stone 
columns and lime 
columns 
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Deep Dynamic 
Compaction, Surface 
Compaction, 
Drainage/Surcharge, 
Blasting, Electro-osmosis, 
Compaction grouting 

Reinforced soils, 
Geosynthetics, Fiber 
reinforcement, Texsol, 
Mechanically stabilized 
embankments, 
Anchorage, Nails, Pin-
piles, Diaphragm walls 
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Geosynthetics, Fiber 
reinforcement, 
Mechanically stabilized 
earth, Ground anchors, 
Soil nails, Micro-piles 
(Mini-piles), Stone 
columns, Deep soil 
nailing, Jet grouting, Lime 
columns, Vibro-concrete 
columns, Biotechnical 

Compaction grouting, 
Jet grouting, Permation 
grouting, Hydro-
fracture grouting, 
Compensation grouting, 
Fissure grouting, Bulk 
grouting, Slab-jacking, 
Deep soil mixing, 
Shallow soil mixing 
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Soil cement, Lime 
admixtures, Fly ash, 
Dewatering, 
Heating/freezing, 
Vitrification 



 

3. TRENDS 

In order to find which subjects have been 
discussed, a search was made 1998 using the key 
word “Ground Improvement” in the literature 
database of the SGI, the Swedish Geotechnical 
Institute. More than 500 titles were found in the 
period of 1983-1997, i.e. during 14 years. The 
main categories are listed in Table 4. It should be 
observed that there is possibly a lack of 
information in the database in that some of the 
ground improvement techniques attract special 
meetings and conferences, which are too small for 
papers to be released and classified by the SGI 
Library. 
Table 4 Categorisation of titles under 
“Ground Improvement”. 
Literature 
category 

% of total 
database 

% of 
database for 

1983 

% of 
database for 

1996 
General 
overview, 
case histories 

60 43 72 

Research 
oriented 
papers 

35 51 24 

Design 
contribution 

5 6 4 

 
One conclusion drawn from Table 2 is that a 

great portion tends to be written on general know-
how and very little on design matters. It can also be 
seen from the table that in 1983 about 50% of the 
papers were research oriented, while in 1996 this 
figure was decreased to about 25%. This 
development is doubtful if we want development to 
continue. On the other hand, a case history on a 
new idea that has been tested may also satisfy the 
curiosity of other geotechnical researchers and thus 
help to promote development. 

In order to see a continued picture a new 
research was made early 2016. More than 4200 
literature references were found within “Ground 
Improvement” during the period of 1997-2015, i.e. 
during 19 years. In Table 5 the results of the 
searches are presented. The classification of the 
references in the two searches is not exactly the 
same but some figures are nevertheless of interest.  

In Table 5 a decrease from the first to the 
second search is represented by the symbol é, an 
increase by the symbol ê and status quo by the 
symbol ≈. As seen in the table measurements & 
instruments, earth-fill & pre-loading and 
vibroflotation have lost interest while chemical 

treatment, geo-synthetics, stone columns and 
nailing have gained more interest. 
Table 5 Ground Improvement literature.  
Ground 
Improvement 
Method 

Literature 
1983-1997 

Literature 
1997-2015 Change 

% % 
Grouting >20 18,5 ≈ 
Chemical 
treatment 7-10 14,5 é 

Lime and cement 
columns, Deep 
mixing 

7-10 13,4 é 

Geo-synthetics, 
Geo-grids 4-6 13,0 é 

Stone (sand) 
columns 4-6 9,1 é 

Compaction, Soil 
dynamics 7-10 8,7 ≈ 

Vertical 
(horizontal) drains 7-10 7,4 ≈ 

Nailing, 
Reinforced earth 2-3 7,2 é 

Measurements & 
Instruments 7-10 4,7 ê 

Environmental 
engineering  3,3 é 

Bio-engineering  3,2 é 

Ground water 
management <1 2,7 é 

Ground freezing <1 2,5 é 

Earth-fill and pre-
loading 4-6 2,5 ê 

Vacuum <1 2,1 é 

Replacement, 
Light materials <1 1,8 é 

Economy <1 1,0 ≈ 

Deep vibration  0,9 ≈ 

Risks  0,9 é 

Blasting  0,5 ≈ 

Electro-osmosis <1 0,3 ≈ 

Vibroflotation 2-3 0,3 ê 

 
A comment is necessary: lime and lime-cement 

columns may be over-represented since Swedish 
geotechnical engineers and the SGI have been 
involved in a large part of the development of these 
techniques. Also chemical treatment may be over-
represented.  

Among ground improvement literature during 
1997-2015 the following trends of the literature 
can be noticed: 

• Piling, sheet piling & anchors are in the 
lead and are increasing. 



 

• Grouting is on second place but is 
decreasing significantly with time. 

• Both stone columns and vertical drains 
show a considerable increasing trend 

• Bioengineering and Environmental 
engineering are increasing substantially. 

• Economy and Risks are on the defense. 
 
Of course, a small number of titles for a method, 

as in the case of design and economics, does not 
imply poor interest or low activity of works 
utilizing that method. However, after reviewing the 
statistics, the reflection is that we should increase 
our efforts to write more about design and 
economics and less about general know-how. 
Collecting information on the economics of 
different ground improvement and treatment 
methods is not an easy task. Contractors are not 
willing to release useful data and the market is 
dynamic and fluctuating, sensitive to supply and 
demand. However, in order to perform a 
quantitative risk assessment, see below, it is 
important to obtain economic information. 
Therefore, we should in general increase our 
efforts to collect information on economic 
conditions. 

A rather peculiar trend is the increasing use of 
abbreviations in the area of special ground 
improvement methods and other ground works. In 
the two literature searches, comprising about 4,700 
references, more than 120 different abbreviations 
were found. 

A rhetorical question is who will recognise all 
these, both now and in the future? In addition to 
well known abbreviations in the civil engineering 
and geotechnical community, e.g. SPT and CPT, 
we also find increasing numbers from the 
environmental engineering world, e.g. PVC and  
HDPE. 

4. SAFETY ASPECTS 
According to an investigation by Schalin & 
Petersson (1996) the total annual costs, direct and 
indirect, of damage in ground works in Sweden are 
on the order of 10-15 % of the total investments 
per annum. The objectives of research and 
development are thus of major importance.  

In a British analysis by Roberts & Deeds (1993) of 
ground water lowering projects, it is concluded that 
poor planning causes the major part of the cost increase 
and that only a small portion is due to unexpected 
ground conditions. 

Available time for design and construction is 
continuously decreasing. Thus it is essential that 
planning to be more and more efficient and 
comprehensive. The development of risk 
assessment methods is therefore essential.  

In a risk analysis, different alternatives must be 
weighed carefully. A comparison between different 
alternatives has to take many factors into account 
as below: 

• Environmental impact: Noise, vibration, 
deformations in the surroundings, impact 
on ground water and pore water pressure, 
material availability, toxic impact, 
transportation distance, energy required for 
production, energy in construction phase. 

• Costs: Total cost, comprising pre-
investigation, inspection during and after 
construction, construction and material, 
maintenance. 

• Mechanical properties: Average value and 
variation, durability 

• Design method: Well-developed model, 
stringent analysis method, long experience 
or research, up-to-date standards and codes. 

• Failure mode: Deformation hardening, or 
softening and brittle 

• Construction manual: Complete or 
preliminary, easy to follow or complex, 
flexible or restricted 

• Flexibility: Possibility to extend land-use 
outside the improved area, load increase 
acceptable to some extent, change of load 
type acceptable, e.g. from static to dynamic 

• Experience: Frequently used for many 
years or seldom, experience from earlier 
failures 

• Competitiveness: Alternative methods exist, 
free competition among contractors or 
monopoly 

• Inspection: Reliable inspection methods 
during and after construction, time effective 
or time-consuming, coverage 100 % or a 
few locations, non-destructive or 
destructive 

It is essential to recognize the quality aspects 
throughout the process of ground improvement. A 
good method must be used in the right situation 
together with high-quality installation and 



 

inspection. Hazard screening is important in order 
to avoid unnecessary errors and costs. For instance, 
is it appropriate to use jet grouting to create a 
watertight barrier at the bottom of a deep 
excavation in soft, layered soils? Will a cluster of 
jet-grouted columns form a homogeneous 
structure? In order to avoid large costs for repairs a 
thorough risk assessment should be made. 

How can we avoid mistakes in future complex 
projects? The answer is, in addition to risk 
assessment, to enhance quality assurance, e.g. 
using panels of experts at different stages from the 
beginning of the design phase to the end of the 
construction phase. Our ideas, geotechnical 
knowledge and imagination will then be guided by 
rich experience, making us better prepared for 
future situations.  

Quality assurance in ground improvement should 
concentrate on the following aspects:  

• Pre-investigations: The different 
alternatives for soil improvement must be 
carefully studied at an early stage. If the 
soil is to be used as "construction material", 
the investigations must have high quality 
and be relevant to the improvement 
method. 

• Project work: Experienced designers must 
base project work on detailed installation 
drawings in order to avoid mistakes. 
Experience shows that modern 
computerized calculation methods result in 
better utilization of the soil improvement, 
leading to lower costs and high quality 
solutions. 

• Planning: Poor planning causes the major 
part of the cost increase in ground works 
(ground water lowering). Therefore, in 
order to be prepared, it is necessary to use 
the imagination of experts and others to 
create scenarios of possible events. Risk 
assessment and quality assurance are 
essential instruments. 

• Execution: Execution must be carefully and 
precisely described in drawings and other 
documents. The personnel must be familiar 
with the methods and use equipment and 
material in good condition. 

• Inspection: Inspection must comprise both 
performance and result. Installation 
drawings must include an inspection 

program, which will show when the 
product has attained the required quality. 
When improved soil is being tested, it is 
necessary to bear in mind the type of 
improvement and the way in which 
untreated soil and the improved soil or 
constructed material or element will behave 
in the given conditions. 

Although inspection has been commented upon 
above, there is much more to discuss. What is the 
suitable level of inspection for various 
improvement methods if inspection is to be 
normalized? There are many contributions of the 
inspection mechanism to achieve balance, e.g. 
inspection of physical properties and chemical 
properties of added materials and elements before 
use. Inspection of the execution process during and 
after improvement works, improved soil, 
surroundings, and non-treated soil are also 
important factors. 

5. ENVIRONMENTAL ASPECTS 

Environmental considerations are becoming 
increasingly important with time. For instance, 
road construction was earlier motivated by 
objectives such as efficiency and safety 
requirements of bearing capacity. Today, the 
environmental impact must also be taken into 
consideration. 

Improvement of cohesive soils is a common 
procedure in many road and railroad projects. The 
choice of methods has been easy to make on the basis 
of economic considerations, while the environmental 
impact has been difficult to measure. Berggren & 
Johansson (2015) describe a method for comparing the 
environmental impacts of different stabilization 
techniques for soft clays. The techniques are compared 
in relation to ecological and human toxicity, energy 
demand, and emissions, all calculated to extend the life 
of the road. 

The studied techniques are replacement of soil 
by means of EPS plastic, the lime-cement column 
method, and precast concrete piles. For 
embankments of 2-10 m height and in equalized 
conditions, Berggren & Johansson conclude that in 
an ecological and human-toxicological impact 
analysis, where low points are an advantage, the 
lime-cement column method achieves 23 points, 
concrete piling 43 points and EPS plastic 53 points, 
where a low score is the best. The high score of the 
concrete piling method is due to the content of 
naphthalene, a very ecotoxic and hazardous 
compound. EPS contains benzene, styrene and 
pentane, which have a strongly negative 



 

environmental impact. In the energy demand 
analysis, stabilization by means of lime cement 
columns is the best method for low embankments 
(2-4 m) and concrete piling for higher 
embankments, 4-10 m. The result of the emission 
analysis mainly follows the energy demand. If all 
parameters - energy demand, ecological and human 
toxicity, and emissions - are taken into account, the 
lime cement column method appears to be the best 
choice regardless of the embankment height. 

Disregarding the legislative threat similar 
comparative analyses will be more frequent in the 
future, thus offering a possibility for geotechnical 
engineers to use their knowledge in projects where 
special consideration must be given to 
environmental aspects. The use of secondary 
materials in ground works, e.g. fly ash in road 
embankments, will also demand the skills of 
geotechnical engineers. 

6. COMMUNICATION 
A geotechnical risk analysis of ground 
improvement will only be fully worthwhile if we 
are able to communicate the results with all 
involved parties to get the methods accepted. Many 
good ideas have been forgotten due to poor 
communication. How can we improve this? 

According to Chess, Hance & Sandman (1993), 
successful communication will help us to 
understand the recipient’s opinions, increase the 
recipient’s trust, easier predict the recipient’s 
reactions, increase the effectiveness of decisions by 
involving all parties in the decision process, 
describe risks more efficiently, and warn of risks in 
a more constructive way. In their book, Chess, 
Hance & Sandman offer a wide range of advice, 
e.g. on when and how to release information, and 
how risk can be explained. In order to create 
confidence, many factors have to be considered, 
e.g. to learn which factors create trust, produce 
continuous flow of information already from start, 
and to avoid promises evaporating into thin air. 

7. CONCLUSIONS 
Environmental requirements demand greater care and 
more efficient use of natural materials.  

Ground improvement literature is focused on 
grouting methods. Chemical treatment, geo-
synthetics, stone columns and nailing are gaining 
more interest. 

Design and economics are too sparsely documented.  
The use of abbreviations should be more careful in 

order to avoid confusion in communication between 

experts and non-experts, as well as within the 
geotechnical engineering community. 

Quality management and risk assessment are being 
increasingly used in the process of ground 
improvement.  

Finally, we need to increase and improve 
communication between involved parties in order 
to promote our efforts at developing not only the 
process of ground improvement but also 
geotechnical engineering as a whole. 
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