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Environmental issues of geotechnical engineering 

Problèmes de l’environnement sous l’angle de la géotechnicque

M.Kamon —  Disaster Prevention Research Institute, Kyoto University, Japan

ABSTRACT: Recent awareness of the inadequacies of various environmental problems in the geotechnical engineering field 
has given rise to the need to develop better technical knowledge of environmental issues. Since the term “Environment” has 
been used in various fields and meant with moderate sense by many geotechnical engineers, the definition of environmental 
geotechnics should be clearly brought out.

As the most important environmental issues of geotechnical engineering, the author has chosen a study related to 
minimize the environmental negative impact of waste. The techniques used are reduction of waste generation, development 
of suitable intermediate techniques, reutilization and recycling of waste, establishment of proper waste containment, and 
remediation of polluted sites. Emphasis is placed on the establishment of safe and proper waste management from the 
geotechnical point of view.

RÉSUMÉ: La prise de conscience récente en géotechnique des insuffisances dans les divers problèmes environnementaux a 
suscité le besoin de développer une meilleure connaissance de ces questions environnementales. Dès lors que le terme 
"Environnement" a été utilisé dans des domaines variés et avec un sens modéré par les ingénieurs en géotechnique, la 
définition de la géotechnique environnementale devrait être clairement annoncée.

En tant que problème environnemental majeur, l'auteur a choisi une étude relative à la minimisation de l'impact négatif 
des déchets. Les techniques utilisées sont la réduction de la production des déchets, le développement de techniques 
intermédiaires et convenables, la réutilisation et le recyclage des déchets, l'établissement de techniques de piégeage 
convenables et la restauration des sites pollués. L'accent est mis sur l'établissement d'une gestion sûre et convenable des 
déchets et ce d'un point de vue géotechnique.

1. INTRODUCTION

Human activities with sustainable development are required 
so that a prosperous civilization can coexist with a sound 
environment. “Environmental geotechnics” has and will 
play an important role in preserving our environment.

It is recognized that 20ltl century was the period 
concentrating on all the activities of human being into the 
urban areas and developing extremely the industrial 
civilization. As a result, many environmental problems 
have been spread out all over the world. The global 
environmental issues are as follows:

(1) Global warming by green-house effect
(2) Lost of tropical rain forest
(3) Increasing desert area
(4) Acid rain and snow fall
(5) Forming of ozone hole
(6) Hazardous wastes generation
(7) Polluted ocean
(8) Decreasing wild animals and plants
(9) Increasing pollution in developing countries
All the above-mentioned issues are not directly related 

to geotechnical engineering, but geotechnical engineers 
could contribute to solve some of them using the 
conventional geotechnology. Environmental geotechnical 
engineers are very concerned about the regional and global 
environment. The impact natural forces and cycles on 
humankind are also very important and will continue to 
require the expertise of geotechnical engineers. Although 
the scale of the global environmental problems is extremely 
large, it is essential to solve them one by one. Every 
geotechnical engineer should be requested to engage in the

environmental engineering problems with the following 
motto “Think globally, and act locally”.

2. HISTORICAL PERSPECTIVE AND DEFINITION OF 
ENVIRONMENTAL GEOTECHNICS

2.1 Activities o f International Society

Environmental geotechnics are one of the most important 
subjects in the International Society on Soil Mechanics and 
Geotechnical Engineering (ISSMGE) since last three 
decades. In 1987, the Fifth Technical Committee (TC-5) 
was organized under the Committee Chairman, Z.C. Moh of 
Singapore. The earliest big event in ISSMGE for 
environmental geotechnics was the Special Session in 
Tokyo in 1977 chaired by Z.C. Moh (1977). Since then, we 
have three State-of-the-Art-Reports by P. Sembenelli and K. 
Ueshita in 1981, by N.R. Morgenstern in 1985, and W.D. 
Carrir III et al. in 1989 at the time of ICSMFE.

After recognition of the important role of 
environmental geotechnics in our society, the International 
Congresses on Environmental Geotechnics were organized 
as the same level of ICSMGE in Edmonton (1994), Osaka
(1996) and Lisbon (1998). The 4th International Congress 
on Environmental Geotechnics will be held in Rio de 
Janeiro in 2002. These congresses were held under the 
auspices of the TC-5 and each National Geotechnical 
Society. This congress will be periodically held every four 
years. There were many important works done in these 
congresses, and therefore, we have well documented 
proceedings relating to environmental geotechnics now.
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TC-5 is the most active committees in ISSMGE and J. 
Nelson (1989-1994), H.L. Jessberger (1994-1998), and R. 
Katzenbach and W.F. Van Impe (since 1998) were 
following as the chairmen of TC-5.

Recently, there are numerous international and 
domestic conferences on Environmental Geotechnics, e.g. 
Sardinia Waste Landfill Symposium, International 
Symposium on Environmental Geotechnology, North 
American Symposiums and/or Workshops (organized by 
ASCE, ASTM, etc.), British Geoenvironmental Conference, 
or Japanese Symposium on Environmental Geotechnics, etc. 
They all are held periodically, and became sometimes 
competitive each other. Therefore, these meetings might be 
unified for increasing the efficiency near future.

2.2 Definition o f Environmental Geotechnics

“Environmental Geotechnics” was born and is bound to 
enjoy a development comparable to that made by its parent 
discipline. It does not mean that “Environmental 
Geotechnics” is the omega of geotechnical activities, but it 
is only a facet of our geotechnical profession (Sembenelli 
& Ueshita 1982). Environmental Geotechnics contributes in 
an interdisciplinary context and in the early stage of a 
normal civil engineering project. This aims at identifying 
possible effects induced by the project and pointing out 
ways and means to avoid, compensate or limit negative 
environmental impact.

The definition and research fields of “Environmental 
Geotechnics” are still not clear among the geotechnical 
engineers. The main research objects of environmental 
geotechnics are classified as “creation of better 
environment”, “prevention of environmental risks to human 
activities” and “prevention of dangers on human life caused 
by natural hazards” (Kamon 1989: Mischgofsky 1989). In 
particular, the second category consists of following three 
subcategories:

(a) The geotechnical risks, as determined by 
geotechnical engineers and included in their 
designs (traditional geotechnics).

(b) The ecological risks, as determined from an 
environmental impact assessment by scientists and 
engineers mainly outside the field of civil 
engineering. Civil engineers, however, mainly do 
the adaptation of the project design.

(c) The pollution risks. This subcategory requires the 
close cooperation of geotechnical engineers with 
soil physicists and chemists, geochemists, 
geohydrologists, chemical engineers etc. It is 
suggested to solely for this restricted, rather new, 
rapidly growing multidisciplinary field.

Although the area of environmental geotechnics is 
broad, it can be defined as a field dealing with all kind of 
environmental problems related to the geotechnical 
engineering.

“How should geotechnical engineers for environmental 
control and preservation act?” is an important question 
when associated with matters such as establishing rational 
methodologies in management and formulating standards. 
All of the construction activities should essentially be 
treated as such, and attempts should be made to achieve 
balance for the total system. The prevention for natural 
disaster should be considered as one of the most important 
research issues among the Environmental Geotechnics as 
pointed out by Morgenstern (1985) and Carrier III et al. 
(1989). A distinction was made between natural and 
man-made hazard and also whether fluid flow or movement 
of earth materials was involved. Movement of the earth 
materials during earthquakes, landslides, subsidence, and 
volcanic eruption is the main subjects to be considered in. 
Fluid flow relating to geotechnics could be also included in

this category. Although the above issues do not receive 
much attention as the environmental geotechnical problems, 
environmental impacts by the natural disasters should be 
studied with respect to the safety of human life.

The prevention of environmental risks due to human 
activities is firstly recognized as the most suitable 
geotechnical engineering subjects among the environmental 
geotechnical problems. There are three types of activities 
concerned; the first is checking the geotechnical activities, 
which may cause environmental interference, and 
proposing desirable approaches to avoid risks in our 
geosphere. Sembenelli & Ueshita (1982) summarized these 
subjects specifically in their State-of-the-Arts-Report. They 
dealt with (1) Better geotechnical maps needed, (2) Greater 
international cooperation for establishing the common legal 
and moral codes or standards regarding environmental 
geotechnics, (3) Solid and fluid extraction problems in 
mines, tunnels, or urban area etc. (4) Safe waste disposal of 
radioactive wastes.

The second is regarding the proper waste management, 
e.g. treatment, disposal and utilization, and the third is the 
remediation problems for the polluted ground by toxic 
substances and wastes. These last two topics become more 
important under prevailing environmental circumstances 
and thereby important to deal with.

Geotechnical engineers can contribute in the waste 
management problems. That is more towards disposal, 
which include reclamation works with municipal and 
industrial wastes, deep burial of radioactive wastes, 
solidification of hazardous wastes, treatment of 
microorganism, treatment of waste liquids. The dredged 
slurry materials stabilization, waste storage in underwater 
environment is also very important issue relating land 
utilization and recycling of waste materials. The clean up 
strategy of the polluted land contaminated by heavy metals, 
organic chemicals, dioxin, etc. is requested to establish 
urgently in all over the world. These aspects are examined 
more broadly in the following chapters.

3. RISK MANAGEMENT ON ENVIRONMENTAL 
GEOTECHNICS

3.1 Environmental Site Assessment

The identification and development of appropriate 
technologies for performing environmental site assessments, 
impediments in using environmental site assessment as 
tools for protecting and restoring environmental quality, 
and costs associated with the implementation of 
environmental site assessment are focused.

The environmental problems of a developing country 
are likely to be very different than those of a more 
developed country. Therefore, much of the technology 
currently used for environmental site assessments using 
“Best Available Technologies” in the developed countries 
may not be appropriate for the developing countries.

Development of a site assessment technology database 
was considered by the group to be one of the most 
important measures needed to facilitate implementation of 
environmental site assessment for environmental protection 
and restoration in developing countries. However, the 
development of low cost, reliable environmental site 
assessment methods for the screening of environmental 
problems and prioritization of remedial actions was also 
considered a priority. Integrated sampling, testing, 
modeling, and interactive real-time methods for data 
acquisition, synthesis, and portrayal were identified as 
technologies for subsequent development to improve the 
effectiveness of current environmental site assessment 
techniques.
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Ranking remedial measures by cost-effectiveness was 
recognized as particularly important in the countries where 
scarcity of capital and allocation of resources are critical. 
Lack of continuity in policy and failure to communicate the 
importance of environmental" protection and restoration 
were also identified as significant impediments to the 
implementation of environmental site assessments.

Continuing dialogue to establish priorities for 
environmental protection and remediation must be 
conducted among all stakeholders: the engineering and 
research community, industry, the government, and the 
public. Environmental hazards and risks, the relative value 
of environmental resources, and available remedies are 
likely to differ from country to country.

3.2 Risk Assessment

The objective of a risk assessment is to determine the risk 
to ground water and other aquatic systems and ecosystems 
by discharges of substances from the landfill. Risk 
assessment can be considered as tools that account for 
uncertainties in a rational manner. The assessment may be 
quantitative or qualitative. A benefit of applying risk 
assessment to containment designs is that an appropriate 
degree of protection can be incorporated into the design for 
a specific site rather than relying on a standard 
specification which might be totally inadequate to provide 
the level of protection that is required or may be 
unnecessary and excessive for certain sites. Risk 
assessment is also applicable to contaminated land and 
pollution control. It can be applied to both the migration of 
gases, the egressing of leachate from a landfill or the 
leaching of contaminants from a contaminated site. Risks 
are calculated as a function of the systems failure 
probability and the loss resulting from adverse affects on 
the environment and human health. Therefore, the 
probability of geomembrane failure in landfill, for example, 
must be calculated by the fault tree analysis as shown in 
Figure 1 and the losses must be expressed in terms of costs 
or other quantitative measures (Jessberger 1996).

The term risk assessment is often confused with a 
simpler, non quantitative concept referred to as hazard 
assessment. A hazard is something, which may occur, but it 
is the combination of that consequence with the likelihood 
or probability of it actually occurring that is the basis of 
quantitative risk assessment (Clark 1998a). An example of 
risk assessment flow diagram is illustrated in Figure 2.

Environmental geotechnics is primarily concerned 
with the exposure routes that involve contaminants 
(including gas) egressing the site through any containment 
and the surrounding ground (Clark 1998a). US EPA (1989) 
gives an example of exposure pathways as shown in Figure
3. The carrying out of a risk assessment will involve the 
use of contaminant fate and transport modeling based on 
the potential mechanisms of contaminant movement 
through each pathway.

3.3 Environmental Regulations

Environmental regulations are affected by a number of 
factors, which include local perception of risk (cost/benefit 
as well as socioeconomic issues that vary greatly even 
within the developing countries. As a result, the field of 
environmental regulations is quite dispersing in the western 
hemisphere. The North America and west Europe have well 
established environmental regulations while other countries 
have developed over the last decade detailed regulatory 
procedures. But there are some countries where 
environmental regulations are just beginning to be drafted 
and others, yet, where they are not even being considered. 
It was concluded that it is an area where an even wider gap 
exists between developing and developed It was also 
concluded that developing countries must learn from the 
mistakes of their developed neighbors and to avoid the 
costs of remediation that may result from unregulated 
economic growth. In fact, this philosophy goes 
hand-in-hand with the goals of Sustainable Development 
that are being advocated by many countries in our globe.

3.4 Waste Management

Waste management should be conducted rationally based on 
an environmental geotechnical approach. Large amounts of 
waste are generated from various industries and activities 
of human being. The hierarchy in waste management is 
waste minimization, proper treatment, reuse/recycling and 
energy recovery (Hartlen et al. 1996). We should preserve 
the natural resources and also minimize the need for 
landfilling. Waste refers to refuse, bulky refuse, ashes, 
sludge, human excreta, waste oil, waste acid and alkali, 
carcasses and other filthy and unnecessary matter. 
Radioactive waste materials are often excluded due to the 
specific control needs. Waste can be divided into two 
categories, domestic and industrial. Local governments and

F ig u re  1. G e o m e m b ra n e  f a i lu re  fa u lt  tre e
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Figure 2. Risk assessment flow diagram

Figure 3. Examples of exposure pathways

private enterprises must manage each category respectively.
The quantity of waste generation is increasing day by 

day which leads to an increase in the frequency of illegal 
dumping of waste. The quality of the waste is often lowered 
due to contamination by toxic substances. Disposal sites are 
being filled faster than originally predicted, and isolation 
and safe-containment systems should be established in 
order to avoid the contamination of surrounding sites and 
ground water.

The classification of waste coincides with the levels of 
contamination. Waste that is explosive, toxic, and 
infectious or has a nature otherwise harmful to the health of 
human being or the living environment is classified as 
specially controlled waste. Constant precaution is required 
in respect to such specially controlled waste at all stages 
from discharge to disposal, and a specific disposal method 
is prescribed for each substance. Industrial waste that 
contains mercury, cadmium, lead, PCB or other hazardous 
substances and does not meet the prescribed standards 
based on elution tests, are classified into the designated 
hazardous industrial waste category. The Environmental 
Standard was introduced to safeguard human health and to 
preserve the living environment. The Effluent Standard was 
introduced to control the water quality discharged from 
factories and other business establishments into public 
waters and seepage of water into the ground. The 
classification of degree of waste contamination depends 
mainly on the characteristics of the waste and the analytical 
methods used, in particular to elution techniques (Kamon 
1996). Table 1 is an example of environmental standards

and judgment criteria for industrial waste in Japan as 
related to water quality (Tanaka 1996). The remediation 
target should be below the levels indicated in Table 1.

Waste refers to refuse, bulky refuse, ashes, sludge, 
human excreta, waste oil, waste acid and alkali, carcasses 
and other filthy and unnecessary matter. Radioactive 
waste materials are often excluded from these categories 
because the specific control needs. Waste can be divided 
into two categories, domestic and industrial. Local 
government and private enterprises must manage each, 
respectively. At present, large amounts of surplus soil and 
excavated soil are generated by the construction industry. 
Disposal sites for dumping waste are quite limited and the 
contamination of numerous sites due to hazardous waste 
has been detected. It is therefore considered that great 
benefits will be obtained if the reutilization of wastes 
achieves its optimum value whilst the adverse impact, 
particularly in regards to environmental degradation, does 
not appear. Since many waste materials might be 
contaminated by hazardous and toxic substances and most 
civil engineering constructions are large-scale projects 
which require a great deal of materials, the major technical 
characteristics of waste materials must be primarily focused 
on prior to specific utilization. Accordingly, specific 
criteria, designated as the NICE criteria (Non-hazardous 
waste material, Waste with high Improvability^Waste with 
high Consistency & Compatibility, and Waste with high 
Economic feasibility), was proposed for the overall 
evaluation of certain wastes in view of their effective 
utilization (Nontananandh 1990, Nontananandh & Kamon
2000).

The economic feasibility of waste utilization depends 
on many factors, including the cost/benefit analysis in 
terms of economic, social, and environmental costs. 
Benefits gained from waste utilization are obvious since the 
cost of waste appears to be either less than that of natural 
material or much less than the cost to produce a new 
natural one. Measuring environmental costs is difficult, 
however, environmental gain can be attributed to the 
conservation of natural resources and energy, and to 
mitigation of waste exposed in the environment. Utilizing 
wastes will reach optimum economic advantages if they 
exhibit most of the following characteristics:

(1) Waste with a low unit cost but high quality which 
can save the total construction costs,

(2) Waste with available quantity for a project, easy to 
handle but does not easily deteriorate when stored or under 
change in environment,

(3) Waste that can be used as an as-product without any 
treatment or with appropriate cost comprised by additional 
processing for property modification, and

(4) Waste that can be utilized in great quantity without 
any potentials for degradability of new materials and the 
environment.

Industrial wastes should be classified based on the 
generating industry. For geotechnical utilization, 
classification should include the fate and related 
characteristics of wastes. For example, after treatment, 
waste materials are divided into three groups. Those 
generated by excavating or crushing (surplus soil, waste 
concrete powder, waste rock powder), those generated from 
incineration or melting (coal ash, iron slag, incinerated ash), 
and those left "as it is" without any treatment (waste slurry 
or sludge, waste oil).

The main wastes are slag from the iron and steel 
industry, sludge from the chemical, paper, and glass 
industries, and coal ash from the electric supply works. In 
addition to construction rubbish, large amounts of waste 
sludge and surplus soil are discharged during the 
foundation works and dredging works.
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T a b le  1. E n v iro n m e n ta l  s ta n d a rd s  an d  ju d g m e n t  c r i te r ia  fo r  in d u s tr ia l  w a s te  in  Ja p a n

Environm ent
standard

Effluent
standard

L andfill d isposal

Substances
Environm ental 

w ater and ground
Drainage Sludge

A shes, slug 
soot and dust

Unit m g/L m g/L m g/L m g/L
A lkyl m ercury  com pound Not detected Not detected Not detected Not detected

M ercury o r a com pound thereof 0.0005 0.005 0.005 0.005
C adm ium  or a com pound thereof 0.01 0.1 0.3 0.3
Lead or a com pound thereof 0.01 0.1 0.3 0.3

O rganic phosphorus com pound 1 1
H exavalent chrom ium  com pound 0.05 0.5 1.5 1.5
A rsen ic  or a com pound thereof 0.01 0.1 0.3 0.3

C yanide com pound Not detected 1 1

PCB Not detected 0.003 0.003 0.003

T rich lo roethy lene 0.03 0.3 0.3

T etrachloroethylene 0.01 0.1 0.1

D ichlorom ethane 0.02 0.2 0.2

C arbon tetrach loride 0.002 0.02 0.02
1 ,2-d ichloroethane 0.004 0.04 0.04

1 ,1-d ich lo roethy lene 0.02 0.2 0.2

C is-l,2 -d ich lo ro e th y len e 0.04 0.4 0.4

1,1 ,1-trich lo roethane 1 3 3

1 ,1 ,2-trich loroethane 0.006 0.06 0.06

1 ,3-d ichloropropene

C iulam

0.002

0.006
0.02

0.06

0.02

0.06

C ym agin 0.003 0.03 0.03

C iobenkalb 0.02 0.2 0.2

B enzene 0.01 0.1 0.1

S elenium  or a com pound thereof 0.01 0.1 0.3 0.3

Fluorine 0.8 15

Boron 1

D ioxin
1 (w ater), 

1000(so il)’

B asis
E nvironm ental = Effluent = E ffluent
standard  X10 standard standard

* unit is pg-TE Q /g (content)

Intermediate treatment methods include dehydration, 
screening, crushing, aggregating, solidification, combustion 
and melting. Combustion or incineration, which realizes 
volume reduction and sanitary resolution against harmful 
substances, is becoming more widely used. Sludge, which 
has high water content, is reduced in volume by 
dehydration as well as combustion while the melting 
method has been developed mainly for the treatment of 
sewage sludge. Unfortunately, rubbish from construction 
works is scarcely reduced by intermediate treatment. 
Table 2 shows the possible treatment methods of wastes, 
and their applications.

Slag and dust are reused, but sludge and construction 
rubbish generated in large quantities have not been well 
utilized.

4. RE-USE OF WASTE

4.1 Potential Utilization of Wastes

(1) Surplus Soil and Waste Slurry

Large amounts of by-products are generated from 
construction work. Surplus soil can be dealt with in three 
ways. Good quality surplus soil, such as sandy soil, is 
utilized as filling or for embankments without any 
treatment. Other kinds of surplus soil are reused after 
improvement. Lastly, some surplus soil is disposed of 
without being used with/without treatment. This is because 
an effective treatment system has not been established.

Table 3 shows the classification of surplus soils. Slurry or 
sludge in the bottom line is regarded as industrial waste.

Although some waste slurry or sludge is reduced by 
intermediate treatment such as dehydration, the vast 
majority of it, together with dehydrated slurry is placed in 
disposal sites. One problem with waste slurry utilization 
was that the material treated for utilization was often 
regarded as waste and must be disposed of in designated 
areas. Another problem is that we cannot divide these 
by-products into valuable soil and waste slurry and this has 
led to the illegal dumping of large amounts of waste sludge.

Surplus soil is most commonly utilized in road and 
reclamation embankments. The building of man-made 
islands and large-scale levees are planned and a large 
amount of surplus soil is expected to be reused in their 
construction. Moreover, good quality surplus soil can be 
utilized for road subbase, as foundation of embankments, 
filling or back fill, for protection of slopes, as well as for 
some kinds of embankments.

Some soil stabilization methods are applied to surplus 
soil utilization. The most widespread method employs 
chemical additives such as cement, lime and hygroscopic 
polymer, and surface activator. Lime stabilization methods 
have been applied for soil utilization systems developed by 
the Osaka City Government and Osaka Gas Co., Ltd. 
(Ninomiya et al. 1988 and 1996). Another method that 
recently gained acceptance is aging, where surplus soils are 
stored for long-term in a stockyard with occasional mixing 
to be improved naturally.

Some methods for increasing the value of soil materials 
developed. The liquefied stabilized soil method, where the
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T a b le  2 . T re a tm e n t m e th o d s  a n d  u se  o f  b y -p ro d u c ts

Use
Treatment

method
Non-treatment Dehydration Crushing Screening Aggregating Solidification Combustion Melting

CA WCS WC PSIA CFA MSWIA
Embankment PSIA WT WRP

WES
SIA

CFA WCS
Space filing CFA

SSIA

Slope cover WT PSIA

Road
pavement

SS WC MSWIA CA WCS MSWIA
WT

WAC
CFA SSIA

CFA WC SS CA CFA MSWIA
Aggregate WAC CS

CA
WCS SSIA

PSIA
Light-weight CFA WP CFA WCS MSWIA

fill PSIA WEPS
Stabilizing BFS CFA MSWIA

agent
Cement CA CA MSWIA
material
Concrete BFS MSWIA
product MSWIA

Note: BFS; Blast furnace slag,
SS; Steel slag,
CS; Copper slag,
CA; Coal ash,
CFA; Coal fly ash,
PSIA; Paper sludge incinerated ash,
SSIA; Sewage sludge incinerated ash,
MSWIA; Municipal solid waste incinerated ash.

WCS; Waste construction slurry, 
WRP; Waste rock powder,
WC; Waste concrete,
WT; Waste tire,
WAC; Waste asphalt concrete,
WP; Waste plastic,
WEPS; Waste expanded polystyrene,

Table 3. Classification of construction surplus soil
Information Bureau Local Government, etc.

Class Content Cone 
penetration 
strength, 
qc (kPa)

Water content
(%)

1st sand or gravel - -

2nd sandy soil or 
gravelly soil

larger than 80 less than 30 %

3rd silty soil or clay 
soil which can 

easily executed on.

larger than 40 about 40 %

4th clay soil, expect 
for 3rd-class soil

larger than 20 40 - 80 %

Sludge slurry state soil or 
sludge

less than 20 larger than 80 %

soil mixture blended with stabilizer and large amounts of 
water has flowability and hardening characteristics, allows 
for use as filling in underground pipe construction and as 
backfill in retaining walls (Kuno et al. 1996). Based on the 
full-scale tests, suitable flowing condition and adequate 
placement method were established, and then it has been 
popularly used in Japan.

The lightweight soil stabilization method, where 
surplus soils are mixed with lightweight materials such as 
Expanded polystyrene (EPS) or formed cement, is expected 
to be utilized for embankment and backfill. Soil mixed by 
this method has similar characteristics to general soil 
material. Based on this result, utilization of waste EPS 
instead of the new material has also been discussed 
(Yamada et al. 1989). Soil mixtures stabilized with EPS and 
hardening materials have wet density and strength as

—LBad quality! 
I soils !

-j—Surplus Soil - 

Good

Construction Site 
Generating 
Surplus Soil

Flow of Soils
Relationship of Information

Figure 4. Utilization system of surplus soil

0.6-1.2 Mg/m and 50-200 kPa respectively. Hayashi et al.
(1998) also reported the engineering properties of air foam 
and cement treated dredged soils. The method has been 
applied to lightweight embankments over soft ground and 
backfill of retaining wall. Pradhan et al. (1996) examined 
the possibility of using a light loam soil mixture with wood 
chips instead of waste EPS. They found that it could be 
used for embankment with low density (1.0-1.5 Mg/m3), 
moderate strength (130-360 kPa) and high permeability 
(10'1 to 10'2 cm/s).

The fiber mixing method, where soils or stabilized 
soils are mixed with fibers (0.02-0.1 mm in thickness and 3 
cm in length), can produce persistent and durable soil 
materials against erosion and cracking. The geotextile 
reinforced soil method is available for embankment 
construction and involves reclaiming surplus soil with high 
water content. The bagged soil method, where non-woven 
fabric bags are filled with surplus soil and waste slurry, is 
being researched and could be used to construct underwater
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embankments or flexible bulkheads (Miki et al. 1996).
To effectively manage surplus soil utilization, a system 

with the following three components should be established:
(1) setting-up plants for soil improvement to adjust the 
quality of soils, (2) security Of stockyards to regulate the 
supplying time and demand of soils, and (3) organization of 
related data to optimize utilization. The conceptual outline 
of such utilization system is shown in Figure 4. Some city

governments and gas supply companies have developed and 
implemented surplus soil utilization systems since 1980s. 
In 1992, a utilization system with database related to soil 
generation and demand, stockyards and plants for soil 
improvement, was opened by the Tokyo City Government 
(Maeda 1992).

Waste slurry is a dredged spoil and by-product of the 
cast-in-place concrete pile method, continuous diaphragm
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Figure 5. Concept of relationship between treatment method and application of construction waste sludge 

Table 4. Ongoing activities of creative reuse of waste slurry or sludge

Use Type of waste Treatment method

• Backfill, etc.
■ Clay
• Waste Slurry

Sediments obtained by the coagulating sedimentation method from clay left after sand and 
gravel have been removed from excavated material or from slurry used in reverse circulation 
piles are dewatered using filter press. The dewatered material is granulated with an extrusion 
type granulator and baked in a rotary kiln to produce 20 - 30 mm grains.

‘ Base course, etc.
' Sludge 
■ Concrete 

fragments

Mixtures of crushed concrete and sludge or mud are stabilized with a cement stabilizer, and 
hardened mixtures are broken up.

• Lightweight 
aggregate

• Sludge
Powder of spontaneous combustibles is added to sludge or mud, and the mixture is let to bum 
in a vertical or other type of kiln. Since the combustible will burn away, the mixture will 
become a porous material usable as lightweight aggregate.

• Lightweight 
aggregate

• Horticultural soil
• Filter material

‘ Sand pit sludge 
• Sludge from stone 
cutting
' Purification plant 
sludge
’ Bottom sediment

A foaming agent is added to a mixture of sand pit sludge and sludge produced by stone 
cutting or other materials to form 3 - 30 mm grains. The grains are dried, baked in a rotary 
kiln and cooled in a rotary cooler. Lightweight aggregate can be obtained by sieving the 
material thus obtained.

• Lightweight 
aggregate

• Horticultural soil 
' Filter material

• Quarry sludge

Dewatered cakes of quarry sludge (sandstone, shale) and purification plant sludge are crushed 
and re-formed into 0.6 - 20 mm grains. These grains are baked and foamed in a rotary kiln 
while the grains are being dried. The baked and foamed grains are then cooled in a rotary 
cooler and sieved to produce a material usable as lightweight aggregate, etc.

• Lightweight 
aggregate 

' Horticultural soil 
‘ Filter material

' Wastes containing 
cement

Dewatered cakes of cement-containing waste liquid are dried and pulverized. Aluminum 
sludge and calcareous stone powder are added to the pulverized material. After the mixture is 
baked and rapidly cooled, it is pulverized again to obtain this hydraulic material.

' Molten slag * Sludge
Dried sludge and 15% or so steel dust are mixed and molten in a furnace. The molten mixture 
in put into alkaline hot water, and the solids thus obtained are crushed with an impact crusher 
to obtain slag aggregate.

‘ Base course, etc.

• Self -  hardening 
sludge 
(cement -  

containing)

Porous and highly absorptive sand-like material manufactured by baking old paper ash is 
added to and mixed with self-hardening (cement-containing) sludge. The mixture is then 
improved to obtain a material usable as base course material, etc.
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walls method, shield tunneling method, and so on. It cannot 
be discharged into rivers and seas and cannot be utilized in 
embankments as soil material. Wastewater includes water 
that discharges from tunnels and rainwater collected in land 
development areas. Waste slUrry and water are generally 
subjected to proper intermediate treatment, after which the 
treated water can be released into rivers or as sewage 
according to the environmental criteria. Unfortunately, 
meeting the criteria for SS (suspended solids), pH, COD 
(chemical oxygen demands) and oil content are generally 
difficult. Soils and cakes produced by treatment are 
transported to landfill sites for disposal.

Utilization of waste slurry or sludge can be classified 
relating to the treatment methods as shown in Figure 5 
(Kawachi et al. 1996). They are summarized as (1) flowable 
materials for grouting or excavating slurry, (2) earthen 
materials for embankment or backfilling, (3) clay materials 
for cement or ceramic manufactures, and (4) granular 
materials for aggregate.

Tsukada & Ogawa (1996) summarized the activities for 
waste sludge utilization as shown in Table 4. Kamon & 
Katsumi (1994c) proposed the conceptual outline of waste 
sludge utilization system. It involves dehydration and 
solidification and results in efficient treatment, decrease in 
volume, stabilization, and recycling of resources. The 
selection of treatment method is carried out based on the 
qualities of waste sludge; the density and funnel-viscosity, 
universally measured to determine the character of sludge 
at the excavation sites. Density indicates the solid content 
of sludge. The funnel-viscosity is increased by the 
remaining bentonite and dispersant CMC, which indicate 
the possibility for or the effectiveness of dehydration 
treatment. Attempts for volume reduction by dehydrating 
a high solid content sludge is not always the best strategy 
from technical and economical point of view. Sludge with 
low density can be dehydrated easily, but sludge with high 
viscosity is difficult to dehydrate even if it has low density, 
because of the remaining dispersants. With the use of a 
high pressure dehydrator, the strength of dehydrated cakes 
can easily increase, and thus be directly utilized as 
embankment and subgrade material. Kamon et al. (1998a) 
proposed a continuous dehydration-solidification treatment 
system by introducing a parameter, w/wL (water content of 
the sludge normalized by the liquid limit). Application of 
the treated sludge as an earthen material is reviewed in 
relation to the treatment level. Kawaguchi et al. (1998) 
developed an effective treatment system for dewatering the 
waste bentonite slurry. They introduced a unique polymer

W ast e  Co n cr e t e

Co a r se  W ast e  Pow d er  Fin e

A g g r eg at e  ( b e b w  0 .15m m )  Ag g r eg a t e

( 5 .25m m )  ( 0 .15 -5 m m )

Figure 6. Flow o f w aste concrete management

flocculant to have higher efficiency in lowering water 
content.

(2) Waste Concrete and Waste Rock Powder

Waste concrete is generated when concrete structures such 
as buildings and bridges are demolished, repaired or 
constructed. Waste concrete can be divided into mass and 
powder. Although a small amount of waste concrete mass 
has been used as a substitute for rubble in road construction, 
larger quantities need to be utilized for reduction. Therefore, 
a system in which waste concrete mass can be reclaimed for 
use as concrete aggregate has been proposed as shown in 
Figure 6. The difficulty is to produce reclaimed aggregate 
to suit the material standards of desired engineering 
application. Special equipment has been developed to 
remove the cement component from the original aggregate. 
Another problem with this system is that waste concrete 
powder is generated during the production of reclaimed 
aggregate. It has been proposed that waste concrete powder 
stabilized by hardening and additive materials can be 
utilized as road subbase (Kamon et al. 1992, Shibata & 
Saito 1996).

Due to environmental constraints, rubble produced in 
crusher plants has become an alternative to natural gravel. 
A huge volume of waste rock powder is generated as a 
by-product from crusher plants annually. The 
characteristics of waste rock powder depend on the mother 
rock; waste rock powder of limestone is used in cement due 
to its chemical composition, while silty sandstone is used 
as a filling material. Waste rock powder is non-hazardous 
and a valuable resource. Suitable methods for its utilization 
in large quantities for construction are currently under 
research. The waste rock powder of sandstone, which has 
large specific surface area and contains large amount of 
amorphous materials, increases the effect of lime 
stabilization of soils in which a low amount of fine particle 
or amorphous material is present (Nishida et al. 1992). 
Waste rock powder solidified by a newly developed 
stabilizer can potentially be utilized as a permeable 
subgrade of road and back filling for retaining walls. Using 
a new method called "Bagged WRP Method," non-woven 
fabric bags are filled with a dry mixture of waste rock 
powder and stabilizer, and solidified by soaking (Kamon & 
Katsumi 1994b). The advantage of this method is attributed 
to the lightweight relative to the conventional soil materials. 
Thus, this method is proposed to be applied to sunk-levee 
materials or seafloor ground improvement.

(3) Coal Ash

Coal ash (CA) is a by-product of thermal power plants. 
Coal fly ash (CFA) comprises 80% of all coal ash generated, 
and its recycling is one of the main themes of by-product 
utilization. CFA is mainly utilized in cement manufacturing, 
as a substitute raw material for clay in making cement or 
mixture of blended cement called fly ash-cement. The 
remaining 70% is disposed of and not reused. Recently, 
there has been an increase in the amount of poor quality CA 
due to the use of various types of raw coal and the effects 
of combustion conditions on the environment. It is expected 
that CA can be reused as ground materials in large 
quantities.

Examples of utilization of CA in the field of 
geotechnics (Hartlen et al. 1996) are:

1) embankments to foam ash lagoons,
2) land reclamation,
3) soil stabilization,
4) load bearing layers of highway subbases,
5) building foundations,
6) building materials,
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Table 5. Comparison of the engineering properties from three different coal ash disposal systems

Wet Disposal Dry Disposal Slurry Disposal
Slope Of formed ground

(degree) 0 0-5 0-20
Dry density (Mg/m3) 0.75 0.85 1.07

Pd /p dmax (%) 65 74 93
Compressive strength (kPa) 20 50 150

Leaching substances ratio (%) 65 50 6

Table 6. Comparison of chemical composition of coal fly 
ash

Pulverized Coal Fly 
Ash

Fluidized Bed 
Combustion Coal Fly 

Ash
Si02 (%) 50-55 25-40
A120, (%) 25-30 15-25
Fe20, (%) 4-7 1-3
CaO (%) 4-7 10-30
MgO (%) 1-2 1-2
K20 (%) 0-1 0-1
Na20  (%) 1-2 0-1
SO, (%) 0-1 3-8
Ig-loss (%) 1-2 10-30

7) light fill material
Pulverized coal combustion is the most popular method 

of coal combustion in electric generation plants. Pulverized 
coal fly ash (PCFA) is used solely as raw material for 
cement. Because CA contains silica, which leads to 
hardening when reacted with lime, the utilization of coal 
ash as soil stabilizer with/without admixtures has been 
researched. One of the important characteristics of coal ash 
is its lightweight, and it is expected to become more widely 
used as a lightweight soil material, for embankments or 
caisson filler. PCFA was used in the construction of 
67m-diameter, 15m-high man-made islands for the 
Hakucho Ohashi bridge (1380 m in length) project 
(Kawasaki et al. 1992). A slurry disposal system using the 
double mixing method, where PCFA is mixed with water 
twice, has been confirmed to be more effective than those 
of normal wet and dry disposal systems (Table 5). It 
demonstrates the relation between high density and high 
strength.

The use of fluidized bed combustion to generate 
independent electric power is becoming widespread in the 
chemical industry and at iron and steel manufacturing 
plants. This system causes less air pollution than ordinary 
methods, such as pulverized coal combustion, and various 
kinds of raw coal can be used. A comparison of the 
chemical component of PCFA and fluidized bed combustion 
coal fly (FBCA) ash is shown in Table 6. FBCA contains 
gypsum and lime due to the use of desulpherizer in the 
boiler. As such, its utilization as soil stabilizer has been 
researched (Kamon & Katsumi 1994a). Low combustion 
temperatures (800-1000 degree in Celsius) are used to 
minimize the air pollution although this leads to the 
generation of FBCA containing large amounts of unburned 
substances. Further, CA has the ability to absorb heavy 
metals and agricultural chemicals. Therefore, it is being 
considered for use as a liner material in waste disposal sites 
(e.g., Jeong & Lee 1996).

Although the coal ash is one of the traditional recycled 
materials, there are many recent reports on the physical and 
chemical properties of CA for the geotechnical reuse, and 
the in situ applications (Carling 1998, Kim et al. 1998,

Shrivastava et al. 1998, Sivapullaiah et al. 1998, Tessari et 
al. 1998, Thom6 et al. 1998, Tsuchiyama et al. 1998a & b)

(4) Iron, Steel, and Other Slags

Slags from the metallurgical industry have been reused as 
road material, cement material, fertilizer, and pottery 
material and soil stabilizer. Iron and steel slags can be 
classified as blast furnace slag, converter furnace slag and 
electric arc furnace slag. Blast furnace (BF) slag is 
produced as by-product in iron-making process and 
converter furnace (CF) slag is produced in the purification 
of iron, while electric arc furnace (EAF) slag is generated 
from the steel making process using scrap iron as the main 
raw material. While the production of BF slag and CF slag 
have decreased in recent years, the generation of EAF slag 
is on the rise. BF slag generated is used in blended cement 
(50%), road subbase materials (25%) and concrete 
aggregate or soil materials (25%), so the BF slag is 
by-product regarded not as waste but as a resource.

CF slag exhibits properties of expansion during 
hydration, which makes utilization difficult; i.e. it expands 
in volume during the hydration of quicklime (CaO). Such 
expansion characteristics can be eliminated by aging, 
allowing for reuse as subbase or base materials, as gravel in 
asphalt concrete, and for soil stabilization. Takahashi et al.
(1996) reported the in situ application of CF slag in port 
and harbor construction. Since CF slags have an advantage 
of their large unit weight (1.9-2.4 Mg/mJ), they were used 
as filling material for cell revetment, pre-loading mound 
material and soil improvement instead of ordinary sand.

EAF slags have efflorescence and expansive 
characteristics like converter slags, and are therefore 
mostly disposed of in reclamation areas. However, it has 
been proven that such slags can be reused as construction 
materials following aging treatment (Kuwayama et al.
1992). EAF slags have been reused as subbase materials. 
Ffillman & Hartlen (1996) reported an example of the EAF 
slag utilization in road construction. They applied the 
screened EAF slags and estimated the environmental 
impact by the leachate of heavy metals. According to the 
monitoring results of test embankment, leached amounts of 
chromium could be controlled by grain size distribution, 
and both increased oxidation and decreased pH are 
functions of increasing leachate of chromium.

Some types of EAF slag form hydration products of 
calcium silicate hydrate and hydrated gehlenite on long 
term usage in the field. Thus, they not only continue to 
increase in volume but also exhibit hydraulic properties. It 
has been clarified that slags stabilized with cement 
admixture can be utilized as road materials (Kamon et al.
1993), while slags blended with cement are available for 
soil stabilization (Kamon & Nontananandh 1990).

Copper slag sand is produced from refining process of 
copper. Since copper slag is stable and has relatively large 
specific gravity, large friction and high permeability, it can 
be used as a drain material instead of sand and gravel.
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Kitazume et al. (1998) reported the research findings of 
laboratory and field tests, in which copper slag was used 
for sand drain and sand compaction pile methods. The 
copper slag sand has high applicability in the sand 
compaction pile method with its high strength.

(5) Mining Waste

Management of deposits of mineral residues may be greatly 
improved on the basis of recent developments in soil 
mechanic properties of tailings materials. Experiences 
derived from cooperation of geotechnical engineers and 
mining operators are analyzed to derive conclusions for 
improvements in waste disposal techniques, especially in 
relation to reprocessing and rehabilitation of abandoned 
deposits (Troncoso 1998). Tailings dams engineering faces 
many challenges related to increasing demands for 
economy, safety and environmental requirements. These 
challenges are more difficult to cope with when they refer 
to the stability of abandoned deposits. Mining of abandoned 
deposits is a real solution for rehabilitation of sites. As the 
feasibility of mining is controlled by the ability of 
management to balance profits of low-grade minerals 
residues with low-cost process, it is mandatory to use soils 
properties to the limits allowable.

The engineering properties of mining waste are very 
similar to soil materials. The use of mining waste, 
therefore, has increased in place of natural soils as a 
construction material for embankment at roadways, 
railways, rivers and dams over 20 years (Hartlén et al. 
1996). The mining waste from lead and zinc mines was 
used in bituminous mixtures for road materials. According 
to a systematical analysis of material behavior, tailing soil 
mixed with coal fly ash was reused to road construction 
(Andrei et al. 1998). Hanna et al. (1998) also tried to apply 
the industrial wastes-soil mixture to road base course and 
subbase.

Concerning specific reuse of contaminated mine 
wastes, it is believed that the intended use is determined by 
the degree of contamination. For example, cleanliness 
criteria for playground are likely to differ from those for 
surface-mine reclamation material. This implies that 
besides decontamination techniques, increasing interest is 
shown on processes that make contaminated mine waste 
materials environmentally safe by preventing leaching and 
volatilization of contaminants above acceptable levels. The 
above mentioned treatment techniques and underwater 
environmental issues are closely related to reuse of dredged 
materials. Some projects such as preventing acid-mine 
drainage into groundwater by injecting treated sediment 
(with binders and additives) into abandoned mines can help 
to overcome environmental problems.

(6) Municipal Solid Waste Incinerated Ash (MSWIA)

Municipal solid wastes (MSW) are often incinerated by the 
intermediate treatment facilities, and as the result, bottom 
ash and fly ash are discharged from incinerators and most 
of them are disposed of in landfill sites. Since harmful 
substances (heavy metals, dioxins, etc.) are being 
concentrated and compounded during incineration process, 
MSW incinerated ash (MSWIA) must be carefully treated 
prior to its disposal and thus prevent environmental 
pollution. In the present system of incinerators, MSWIA is 
mixed with the bottom ash, which is less harmful. However, 
MSWIA should be collected separately from bottom ash, 
and prior to the disposal, fly ash must be treated as 
harmless substances by a method of melting, cement 
hardening, the addition of a chemical agent, or extraction. 
The use of MSWIA is thoroughly discussed by the 
International Ash Working Group (IAWG) (1994).

The melting method is considered to be the most 
effective option because of both reductions of volume and 
toxicity. However, the method cannot achieve resource 
recovery in spite of its demand for high cost and energy 
(Hiraoka & Sakai 1994). Properties of slag depend on types 
of melting furnace, and heavy metal concentrations of 
leachate are generally negligible. The slag could be 
applicable for structural fill and pavement (Nagasaka et al. 
1996).

Solidification by cement hardening has been thought of 
as another recommended method (Shimaoka & Hanashima 
1994). In the case of solidification in Japan, government 
requires that the cement-mixing ratio be more than 150 
kg/m3 and the compressive strength be higher than 10 
kgf/cm2 (980 kPa).

The properties of MSWIA depend on the type of 
incinerator, temperature, and raw materials used. The 
incinerator from which the fly ash was collected was a 
fluidized combustion type whose incineration temperature 
was in the range of 800-1000 degrees in Celsius. The 
chemical composition and leachate components of the 
MSWIA are shown in Table 7. Cd, Pb, and Zn leach in high 
concentration from the used ash, which cannot satisfy the 
environmental criteria established for landfilling by the 
Environmental Agency of Japan. Another important 
characteristic of the materials is the salt contents. MSWIA 
consists of high composition of NaCl and KC1.

According to the testing results of strength 
characteristics for the stabilized MSW fly ash, MSW fly 
ash stabilized by FCA has higher strength than the fly ash 
stabilized by other stabilizers in each additive content and 
curing period.

The leachate behavior of heavy metals such as Cd, Pb, 
and Zn, contained in the MSW fly ash were examined and 
kept at low levels. The multiple use of cement and FCA as 
a MSWIA stabilizer can attain strength development, high 
soaking durability, and the containment of heavy metals. 
The method is effective for landfilling with MSWIA.

Research has been carried out on the geotechnical 
utilization of MSW bottom ash (e.g., HartlSn 1994, 
Almeida & Lopes 1998, Luz & Almeida 1998, and 
Nabeshima & Matsui 1998). Research on the utilization of 
MSW fly ash as a construction material has been conducted 
recently in the US and Europe (e.g., Gerdes & Wittmann
1994). Poran & Ahtchi-Ali (1989) reported that the MSW 
fly ash in the US contains just a small amount of NaCl and

Table 7. Chemical composition and leachate components

of MSW fly ash

Chemical Compositions Leachate Components

Cd (mg/kg) 225 Cd (ppm) 10.4

Pb (mg/kg) 3750 Pb (ppm) 19.6

Zn (mg/kg) 21000 Zn (ppm) 11.0

T-Cr (mg/kg) 235 Cr(VI) (ppm) 0.03

As (mg/kg) 67 As (mg/kg) ND

T-Hg 4.5 PH 6.5

(mg/kg) 1650 Salt concentration

Fe (mg/kg) 1800 (%) 1.1

Cu (mg/kg) < 0.05 Electric

PCB (mg/kg) 9.5 conductivity 12.7

Ca (%) 4.1 (mS/cm)

S(%) 13.0

CI (%) 0.01

N (%)
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can be stabilized effectively by lime and applied as a road 
material. However, MSW fly ash usually contains a large 
amount of salt, which affects the hardening reaction of 
cement or lime (Kamon 1996). Thus, a more effective 
method for MSW fly ash solidification is needed from 
technical, environmental and economical point of view.

It is possible that all of MSW and sewage sludge are 
directly melted in the furnace and the produced gas is used 
to generate electricity. The molten matter is lead to a water 
pond and made a slag. The molten slag has neither heavy 
metals nor dioxins. The iron component is collected from 
the molten slag by magnetic separator. During the whole 
process, excess energy is introduced to electric generator 
and heating the regional area. This system has brought an 
almost perfect recycling of MSW. The final disposal 
volume at the end of this system decreased to less than 1% 
of the raw MSW.

(7) Sewage Sludge Incinerated Ash

Several types of waste sludge are generated from industry. 
The most common is sewage sludge. In order to reduce the 
volume of sludge, incineration is used as a representative 
intermediate treatment. Sewage sludge incineration ash 
(SSIA) is divided using lime and polymer flocculants. SSIA 
separated by lime flocculant can be used as subbase, filling 
and embankments. This ash has similar characteristics to 
sandy soil, as well as hygroscopic and hardening properties 
due to its lime content. On the other hand, SSIA separated 
by polymer flocculant is similar to clay soil, and is used 
only as subgrade and subbase. Bricks made from this ash 
have been tried as a substitute for clay materials. Almeida 
et al. (1998) also reported the applicability of sewage 
sludge to a ceramic material mixed with sawdust.

Various processing methods have been researched for 
sludge utilization. One involves production of molten slag 
by melting. Slag made from sewage sludge is suitable for 
use as construction material and is compatible with the 
environment. Its use as interlocking blocks has been 
established (Iwai et al. 1987).

Another method involves SSIA and MSWIA to produce 
hardening material. The materials combining industrial 
waste sludge with lime can be used for soil stabilization 
(Kamon & Nontananandh 1991). The new cement-like 
stabilizing agent (NCS) works as the ordinary Portland 
cement. These methods are acceptable from the 
environmental and geotechnical point of view. The use of 
stabilizers and/or additives, such as cement-based-stabilizer 
or clays, produces materials, which are applicable for 
subbase, subgrade and embankment.

(8) Paper Sludge

Recent studies proposed that paper sludge (PS), the 
residues from wastewater treatment plants at paper mills, 
could be used as a hydraulic barrier layer in landfill covers 
(Kraus et al. 1997, Moo-Young & Zimmie 1996, Quiroz & 
Zimmie 1998, Saarela 1999, Rajasekaran et al. 2000). The 
key properties of PS are high water content (150-270%), 
high organic content (35-55%), high compressibility, and 
low hydraulic conductivity, and the engineering properties 
of PS are similar to those of the organic soils. Low 
hydraulic conductivity values can be achieved over the 
wide range of water content, either wet or dry of optimum 
water content (Kraus et al. 1997, Moo-Young & Zimmie 
1996), unlike the compacted clays which require the 
relatively strict compaction criteria (Benson et al. 1999). In 
addition, the hydraulic conductivity decreases with time 
due to consolidation phenomena (Rajasekaran et al. 2000). 
Fibers remained in the PS have an excellent effect on 
gaining the strength and stability against the differential

settlement that might occur for the cover material 
(Moo-Young & Zimmie 1996). High resistance of PS 
against the frost action was also reported by Kraus et al.
(1997). These properties promise the application of PMS to 
a hydraulic barrier material in the landfill cover system. In 
US, the barrier layer in landfill cover systems is required to 
have a hydraulic conductivity smaller than or equal to 10'5 
cm/s for municipal solid waste landfill, and 10'7 cm/s for 
hazardous waste landfill. Many PSs meet these criteria to 
be used as a hydraulic barrier.

(9) Waste Tires

Scrap tires are the industrial wastes produced at increasing 
rates every year. It is estimated that approximately 10 
million used tires are annually generated in Japan. The 
United States disposes of approximately 50 million tires 
into landfills, while 30% of the waste tire production (28 
million) is estimated to be disposed in waste landfills or 
tire stockpiles in Canada (Garga & O’Shaughnessy 2000). 
Although more than 90% of used tires produced in Japan 
are recycled as rubber material, used as the solid fuel in 
cement kiln, or reused as tire (Nagasaka et al. 1996), 
further applications for recycling these scrap tires should be 
established to ensure using large quantities of the material.

For geotechnical applications, scrap tires are used in 
three different shapes, namely (1) shredded tires, (2) 
ground tires, or (3) raw tires. Since tires are composed of 
the carbon-based rubber materials, they usually exhibit low 
specific gravity, adiabatic properties, and sorbability to 
organic chemicals. In addition, the shredded tires exhibit 
excellent frictional properties. Thus, several applications 
have been proposed to reuse these scrap tires.

Frictional properties of shredded tires result in the 
increase of soil strength by reinforcement, and 
consequently use of the shredded tire-soil mixture can be 
encouraged, (e.g., Foose et al. 1996a). In addition, because 
of their lower specific gravity, shredded tires can be 
utilized as lightweight and strong fill materials for earthen 
structures (Bosscher et al. 1997, Humphrey et al. 1998, 
Garga & O’Shaughnessy 2000). Further, they are proposed 
to be used in embankments over soft ground or as backfill 
behind retaining structures (e.g., Bosscher et al. 1997). Edil 
& Benson (1998) summarized that tire chip-sand mixtures 
exhibit non-linear plastic deformation under the 
one-dimensional compression condition, while the behavior 
under the repetitive loading is essentially linear after the 
first cycle of loading. Therefore, the behavior of tire 
chip-sand mixture can be approximated with an elastic 
model. Field demonstration by using a test embankment 
reported by Bosscher et al. (1997) proved this 
approximation.

Several researchers proposed to use the non-shredded 
tires for embankment and fill materials (Schlosser et al. 
1994, Long 1996, Garga & O’Shaughnessy 2000). In 
France, this application method has been well known as 
“Pneusol -  Tyresoil.” The tires tied together by straps, and 
assembled into layers as shown in Figure 7. Long (1996) 
reported the field demonstration of a 5-m-high wall having 
the Tyresoil as backfill materials in 1992, and more than 
500 structures have been constructed by using Pneusol in 
France due to several advantages of this application (speed 
of execution, etc). Extensive study by Garga & 
O’Shaughnessy (2000) indicated that non-shredded tire fill 
exhibits ease of construction, but higher compressibility 
relative to the conventional fill material, and proposed a 
method of designing the tire-reinforced slopes.

Because the tire is composed of rubber, it may exhibit 
higher adiabatic properties relative to the soil. Thus, 
backfilling using tire chips was proposed to prevent the 
frost heaving of irrigation and drainage channel in cold
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regions (Nagasaka et al. 1996). From a field demonstration, 
backfill of the waste tire chips (< 50 mm in diameter) 
behind the channel kept the 2-degree-higher ground 
temperature than the conventional backfilling.

Carbon-based rubber material, of which the tire is 
mainly composed, is highly sorbent material. Therefore, 
several methods are proposed to use the shredded or ground 
tires as inexpensive sorbents. Shredded tires can be used as 
a leachate collection layer above landfill liners, as a 
reactive layer for leachate treatment or other similar 
applications (Kim et al. 1997). Ground tires can also be 
mixed into sand bentonite slurry walls to enhance their 
attenuation ability (retardation factor) against organic 
chemicals (Park et al. 1996). They proposed that the 
incorporation of ground tire into slurry wall may result in 
the significant delay in breakthrough time for organic 
compounds, or decrease the design thickness of SB wall.

(10) Waste Plastics and Other Similar Materials

Waste plastics are difficult to treat and dispose of. Waste 
plastics are generated as both industrial and municipal 
waste. Some of waste plastics are reused as a fuel by 
gasification and oilification. Some kinds of waste plastics 
are effectively used for asphalt aggregate of road pavement 
(Yamada & Inaba 1993). For example, Figure 8 exhibits 
that the dynamic stability of asphalt mixture is improved by 
the incorporation of waste plastic pieces.

Expanded polystyrene (EPS) is used at most twice or 
three times. Small pieces of waste EPS are mixed with soil 
and cement and utilized in lightweight embankment 
materials (Yamada et al. 1989).

Waste oils are mainly reused as fuels as far as the 
viscosity of waste oils is not so high. The high viscous 
waste oil is one of the most difficult materials to reuse. 
Sawa et al. (1994) reported that high viscous waste oil can 
be stabilized using industrial wastes such as sludge 
incineration ash or iron slag with stabilizers, and then 
reused for ground materials.

4.2 Environmental Assessment o f Re-use o f Wastes

(1) Leaching of Toxic Chemicals from Recycled Materials

When utilizing the recycled materials, such as industrial 
and municipal wastes and surplus soils, the potential for 
pollution caused by these materials has to be assessed 
under the environment of a given application. Table 8 
summarizes the potential of pollution by toxic chemicals 
contained in the wastes, with respect to treatment methods 
and applications. Surplus soils and waste sludges from 
earthen works may not have a risk for pollution since they 
do not contain toxic chemicals. Without proper treatment, 
most types of industrial wastes (coal ash, slag, scrap tire) 
may have toxicity potential. MSW incinerated ashes have 
potential to induce the adverse environmental effect even if 
they are treated prior to the geotechnical applications.

To estimate the in situ environmental suitability, 
leaching potential of the toxic chemicals has to be assessed. 
There are various elution test methods, and even regulatory 
methods vary with countries, as shown in Table 9. Most of 
the elution tests regulated in the US, Japan, and European 
counties require the materials to be crushed or ground, 
mixed with water (either, neutral or acid), agitated, and 
filtered for chemical analysis. Recently, numerous 
discussions have been conducted on this topic (e.g., Hartlen 
et al. 1996, IAWG 1997, Kamon 1998a). One of the 
problems pointed out is that most elution tests reflected 
under only one pH condition (in particular, although many 
ashes exhibit alkali), and do not consider the given 
environment for the applications or the possible highest

Figure 7. Example of embankment construction using 
non-shredded tires

P la s t ic  c o n t e n t  ( %)

Figure 8. Dynamic stability of asphalt mixture 
with waste plastics

risk. The pH dependent leaching test, which evaluates the 
leaching characteristics with a wide range of pH value, 
reveals that the containing heavy metals may leach out in a 
large quantity of solution under the special condition of pH 
values.

In addition to the leaching value, composition value of 
the toxic chemicals is also a key factor. For example, in the 
Netherlands, a comprehensive program has been 
implemented to set standards for the use of primary and 
secondary construction materials (Hartlen et al. 1996). The 
standards are based on immission and composition values,
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Table 8. Potential pollution with respect to treating grade and application

Use

T reatm ent N on-trea tm en t D ehydration C rushing S creen ing A ggregating S o lid ifica tio n C om bustion M elting

m ethod

E m bankm ent

CA  (B , Y) 

CS (A , X) 

PSIA  (B , Y)

W CS (A, X) W C (A, X) 

W T (B , Y)

SSIA  (B ,Y ) 

W CS (A , X) 

W RP (A , X)

CA  (B , Y) 

S SIA  (B , Y)

W CS (A, X) 

S S IA  (B , Y) 

W RP (A , X) 

CA  (B , Y)

M SW IA  (C, Y)

CA (B , Y) W CS (A , X)

S pace filing CA  (B , Y) 

S S IA  (B , Y)

S lope co v e r W T (B , Y) S SIA  (B , Y)

Road

pavem ent

SS (B , Y) W C (A , X) 

W T (B, Y) 

WAC (A, X)

M SW IA  (C , Y)
CA  (B , Y) W CS (A, X) W CS (A , X) M SW IA  (C, Y) 

S SIA  (B , X)

CA  (B , Y) W C (A, X) SS (B, Y) CA  (B , Y) CA (B , Y) M SW IA  (C, Y)

A ggregate WAC (A, X) CA (B, Y) 

CS (B, Z)

W CS (A , X) S SIA  (B , X) 

P SIA  (B , X)

L igh t-w eigh t P SIA  (B , Y) W P (B, Y) CA (B , Y) W CS (A , X) M SW IA  (C , Y)

fill CA  (B , Y)

S tab iliz ing BFS (A , X) CA (B , Y) M SW IA  (C , X)

agent

C em ent CS (B , Y) CA (B , Y)

m aterial M SW IA (C , Y)

C oncre te M SW IA (C , Y) M SW IA  (C, Y)

product S S IA  (B , Y)

Note: BFS; Blast furnace slag, WCS; Waste construction slurry,
SS; Steel slag, WRP; Waste rock powder,
CS; Copper slag, WC; Waste concrete,
CA; Coal ash, WT; Waste tire,
CFA; Coal fly ash, WAC; Waste asphalt concrete,
PSIA; Paper sludge incinerated ash, WP; Waste plastic,
SSIA; Sewage sludge incinerated ash,
MSWIA; Municipal solid waste incinerated ash,

A; Non-toxic (raw material)
B; Sometimes toxic (raw material) 
C; Toxic (raw material)

X; Non-toxic (treated material)
Y; Sometimes toxic (treated material) 
Z; Toxic (treated material)

and construction materials are divided into two categories 
as shown in Figure 9. Materials in Category 1 can be used 
without restriction, while residue in Category 2 may be 
used under a certain isolation measures. Even if the 
leaching amount satisfy the level for Category 1, the 
materials exceeding the certain amount in composition 
value are prohibited to be used as construction materials, 
because they may have a potential for pollution in the 
future. Besides the composition value, availability test 
standardized also in the Netherlands is used to evaluate the 
maximum potential of leaching mass from the materials, 
where materials have to be crushed and ground into the 
powders smaller than 0.125 mm in particle size, and stirred 
with the water under the acid condition (pH = 4) is kept.

Although batch-leaching tests listed Table 9 require 
that the sample is crushed into particles, they are not 
representative of in situ conditions of the recycled materials, 
in particular for the stabilized waste. Column and tank 
leaching tests were used to determine the leaching amount 
of non-crushed material. Kamon & Katsumi (1999) and

Kamon et al. (2000a & b) reported that the stabilized soil 
containing heavy metals might be used in geotechnical 
applications from the column-leaching test, while the batch 
leaching test results do not allow the utilization of same 
material based on the environmental standards. On the 
contrary, leaching amount from the column-leaching test 
sometimes exceeds the leaching amount from the 
availability test, which is used to estimate the maximum 
potential of leaching (Kamon et al. 1999).

Another problem regarding the leaching tests is the 
accuracy. Higaki et al. (1999) reported the leaching test 
results on MSW fly ash, sewage sludge incinerated ash, and 
coal fly ash. The tests were conducted on the same 
samples at four different organizations. The results shown 
in Tables 10 and 11 indicated that the leaching amounts 
vary with the organizations. It is considered that the level 
of the leaching amount is a very small quantity such that 
the several undesirable factors during elution and 
determination procedures may result in inaccuracy. We, 
geotechnical engineers, have to improve our skills for the
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T a b le  9 . R e g u la to ry  le a c h in g  te s ts  in  s e le c te d  c o u n tr ie s

TCLP 
M ethod 1311 

EPA

DIN 38414 A FN O R JLT-46 NEN 7341
(D EV -S4) X 31-210 L eaching test A vailability  test

Test Type Batch Batch Batch Batch Batch

C ountry USA
Germany,
Austria,
Belgium

France Japan N etherlands

Partic le  size < 9.5 mm < 10 mm < 4 mm < 2 mm < 125 U m

HAc+
NaOH

pH =2.88/4 .93
(in itia l)

DW + HC1 DW  + HNOj
Leachant DW DW pH  = 5 .8 -6 .3  

(in itia l)
pH  = 7 and 4 

(fixed)

Sam ple am ount 100 g 100 g 100 g 100 g 16 g

U S  (LVKg)max 20 10 10 10 100

C ontac t tim e 
per cycle

18 h 24 h 16 h 6 h 3 + 3 h

A gita tion  device
Rotation
30r/m in

Rotation
Shaking table 

or rotation
S hak ing  table S tirrer

Filtration 0.6-0 .8  l i  m 0.45 ¡1 m 0.45 m m 0.45 U m 0.45 U m

Note: DW; D istilled  w ater

I S

Clean  so il

Cat ego ry 2 - So il  

( iso lat io n  m easures 

req u ired )

Cat e g o ry  1 - So il

U t i l iza t io n  as

b u ild in g  m at er ia]  p ro h ib it ed

S g l  Sg  2 

Co m p o sit io n  ____ ^

( m g /kg )

Cat e g o ry  2 - M SW IB A  

( iso lat io n  m easures requ ired )

E
"èî>
E

Sp ec ia l Cat eg o ry 

M SW 1 - B A

( iso lat io n  m easures requ ired )

Cat e g o ry  1 - M SW IB A

Co m p o si t io n  ____ ^

( m g /kg )

Figure 9. Classification of construction materials in 
the Netherlands

chemical analysis.
Several field demonstrations were reported, for 

example, on steel slag by Fallman Sl  Hartldn (1996) and on 
scrap (un-shredded) tire embankment by O’Shaughnessy & 
Garga (2000). Fallman & Hartlen (1996) installed the 
lysimeter under the test road of steel slag, and the collected 
seepage was analyzed to determine the concentration of 
leached heavy metals. They reported that the leaching 
amount from the field test road exhibit the similar values of 
leaching amount from the laboratory column leaching test 
if the test results are plotted with L/S (liquid to solid ratio), 
as shown in Figures 10 and 11. Another interesting point 
from their field demonstrations is that large leaching 
amount of vanadium occurred from the screened slag 
(particle size > 11 mm) than un-screened slag, while the 
leaching of lead from screened slag is larger than 
unscreened slag. Fallman & Hartlin (1996) concluded that 
pH values have a significant effect on leaching 
characteristics of metals. O’Shaughnessy & Garga (2000) 
reported no significant leaching occurred from the

Table 10. Chemical composition of wastes used for tests

Substance M SW SSM S CFA

S i0 2 36.5 26.2 48.7

A120 3 19.7 14.6 32.9

CaO 25.3 24.1 6.20

Fe20 3 6.34 9.42 5.59

T i0 2 1.80 0.71 1.59ocC 2 .55 17.8 1.40

k2o 1.46 1.72 1.10

so . 0.35 1.06 0.94

MgO 4.04 2.96 0.80

N a20 0.62 - 0.11

C r2Oj 0.18 0.15 0.08

PbO 0.001 - 0.05

NB: MSW; M unic ipal solid  w aste fly  ash

SSW S; Sew age sludge ash 

CFA; C oal fly ash

non-shredded tire embankment.

(2) Leaching of Chromium from Cement-Stabilized 
Materials

Solidification techniques by using cement, lime, or other 
agents are sometimes used to stabilize the waste materials 
to attain the suitable properties for the geotechnical 
applications. One of the purposes to use cement was 
previously considered to immobilize the toxic chemicals 
contained in the waste. However, it was recently revealed 
that Portland cement might have a risk of leaching of 
six-valent chromium (Cr ). Kamon (2000) reported that 
the ordinary Portland cement normally contains chromium 
in the range of 30 to 100 mg/kg. The chromium is 
originally included in raw materials of cement. Table 12 
shows an example of the chromium contents in the raw 
materials. Among the raw materials, not only slags, but also 
limestone and silica, that are natural products, contain a 
significant amount of chromium. When these raw materials 
are sintered in the cement kiln, they are oxidized to 
six-valent chromium. From the leaching tests, a 
considerable mass of Cr+6 was detected from the cements 
supplied by the several Japanese cement manufacturers, as 
summarized in Table 13. This result means that a careful 
attention must be paid to prevent the environmental risk 
when the cement is used. The Japanese environmental
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T a b le  11. L e a c h in g  te s t r e s u l ts  o f  th e  h e a v y  m e ta ls  f ro m  c o lu m n  te s ts  c o n d u c te d  b y  fo u r  d i f f e r e n t  o rg a n iz a t io n

W aste
Toxic O rganization O rganization O rganization O rgan iza tion

substance A B C D
MSW Prototype Pb 0 0 0.025

C r8+ 0 0 0
As 0 0

< 100 U m Pb 0 0 0.023+CO(-1o

0 0 0
As 0 0

SSMS Prototype Pb 0 0 0.027
Cr6+ 0 0 0
As 0 0

< 100 U m Pb 0 0.001 0.017
Cr6* 0 0 0
As 0 0

CFA < 100 U m Pb 0 0.038 0 0.012
Cr6+ 0.04 0.037 0.002 0
As 0 0

C em ent
solidification

Pb 0 0 0 0.01

Cr6+ 0 0.002 0.009 0
As 0 0
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Figure 10. Cumulative mass of vanadium leached from steel slag in the test road and laboratory tests
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Figure 11. Cumulative mass of lead leached from steel slag in the test road and laboratory tests

standard of the Cr+fi leachate is below 0.05 mg/L, and 
six-valent chromium leaching from cement itself may have 
a high risk to contaminate the surrounding environment, i.e. 
ground water. Leaching tests for the cement-stabilized 
soils were also conducted to clarify the level of 
contaminating risk by cement stabilized materials. As 
shown in Table 14, Cr+6 leachate from the cement-stabilized

soils was significant, and it depends on the type of soils to 
be treated. In the case of alluvial clay soils, Cr+6 leachate 
was not significant, while leaching concentrations from the 
sand and/or volcanic soils stabilized with cement were 
significantly high. The additive content of cement, of 
course, affected the leachate volume. Due to these facts, 
the Japanese Ministry of Construction established a
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T a b le  1 2 . A n  e x a m p le  o f  c h ro m iu m  c o n te n t  in  ra w  m a te r ia ls  fo r  P o r t la n d  c e m e n t

M aterial Total Cr (m g/kg) M aterial Total C r (m g/kg)

L im estone 10.6 Silica 11.1

Clay 8.0 Fire-brick 6.5

Fe-slag 14.1 G ypsum 1.1

Cu-slag 7.6

Table 13. Total chromium content in cement and Cr*6 amount from cements

Total Cr (m g/kg) C r6* leachate  (mg/1)

C l 14.7 1.34

C2 23.8 2.17

Portland  cem ent C3 4.1 0.41

C4 12.4 0.93

C5 7.0 0.53

SI 0.2 0.17

S lag  cem ent S2 0.3 0.01

S3 4.3 0.33

Table 14. Cr6+ levels in leachate from cement stabilized 
soil

Soil type A dditive  con ten t (kg /m 3) C r6* leachate (mg/1)

Sandy soil 60
0.146
0.233
0.310

S ilty  soil 100
ND

0.024
0.103

ND

C layey soil 
(a lluvia l)

100
ND
0.05
0.06

0.079

Loam  soil 
(K anto-loam )

120
0.295
0.499
0.715

Peaty soil 150
0.102
0.210

ND stands for no detection

requirement regulation in 2000 for all Japanese contractors 
to provide the environmental guarantee by conducting 
leaching tests, which must be performed prior and after the 
execution of cement stabilization. According to this 
requirement, the Japan Cement Association newly 
developed the special cement, which has very little 
chromium less than 20 mg/kg at least, and conducted a 
number of leaching tests under the cooperation with 
construction contractors in the fecal year 2000. The 
leaching test results are shown in Figures 12 and 13. In the 
case of the increase in additive content of Portland cement, 
leachate concentration of Cr*6 increased with the additive 
content, but the very low level of leachate concentration 
from the treated soils by the special cement was obtained 
even in sand and/or volcanic soils as shown in Figure 12. It 
is recognized that the trend of Cr+fi leaching is decreasing 
with the increase in the stabilized strength in all kinds of 
soils as shown in Figure 13.

(3) Alkaline leachate

Alkaline leachate is another possible environmental risk 
that may be caused by the cement and lime stabilization, 
and may occur under various geo-environmental conditions
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Figure 12. Cr6+ leachate vs. cement content
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Figure 13. Cr leachate vs. treated strength

(e.g., Amano & Matsumoto 1980; Kitsugi 1989; Kamon & 
Katsumi 1994c, Kamon 1998b). Because stabilized 
materials are surrounded by natural soils, alkaline leachate 
is expected to be buffered and neutralized by the buffer 
capacity of these soils. Degree of the buffer varies with soil 
type. Soils containing finer particles can work much better 
than coarser particle soils to neutralize alkaline leachate 
(Miki et al. 1998). From an experimental study in which a 
lime column was installed into soft clay ground, the area of
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10-30 cm far from the stabilized column exhibited high pH, 
while the pH of the clay soil more than 30 cm far from the 
column was not affected by the alkaline leachate. Since the 
sandy soils have low alkaline neutralizing capacity, 
solidified waste should not be'in direct contact with ground 
water. Unlike the sandy soil, clayey soil was found to be a 
filtration layer/cover of the stabilized soil to minimize the 
alkaline migration because of the high alkaline buffer 
capacity. However, the clayey soil is not always considered 
to be suitable for the filtration layer because it is difficult 
to construct the compacted layer. Besides, alkaline 
migration and its control from the stabilized materials are 
strongly affected not only by the individual properties of 
the stabilized layer and the cover for filtration but also by 
the combination of these properties. Figure 14 shows a 
typical cross section utilizing the stabilized waste materials 
in geotechnical application; application of the stabilized 
surplus soil to embankment (Kamon et al. 1996). They 
estimated the minimum thickness of filtration layer beneath 
the stabilized-soil embankment to prevent the adverse 
effect through the parametric analysis.

Figure 14. Water flow around the embankment using 
stabilized soil

5. WASTE CONTAINMENT 

5.1 General Aspects

Waste containment is one of the most important issues in 
waste management practice. The elements of waste 
containment system are shown in Figure 15 (Jessberger, 
1996). These kinds of lining systems are built in many 
countries worldwide. They are designed for specific kinds 
of waste and are modified with respect to country-specific 
regulations. General and legal review necessitates the usage 
of the liner systems and barrier materials, and emphasizes 
the applicability of bottom liners (either natural, compacted, 
or geosynthetic clay liners). Critical issues in conducting 
the laboratory and in situ hydraulic conductivity testing are 
examined, and the specification and construction quality 
control to obtain the compacted clay liners of low hydraulic 
conductivity are also very important. Vertical barrier and 
cover systems are briefly summarized.

The major objectives in the safe disposal and 
containment of any type of waste include (Mitchell, 1996):

(1) The construction of liners, floors, walls, and covers 
that adequately limit the spread of pollutants and the 
infiltration of surface water,

(2) The containment, collection and removal of leakage 
from landfills,

(3) The control, collection, and removal or utilization 
of landfill gases,

(4) The maintenance of landfill stability,
(5) Monitoring to ensure that the necessary long-term 

performance is being achieved.

The containment of waste in disposal sites is a subject 
that has undergone exhaustive on liner materials 
(principally compacted clay liners, geomembranes, and 
geosynthetic clay liners), drainage materials (soils, waste 
materials, and geosynthetics), filters (soils and geotextiles), 
protection materials, vertical barrier materials (soil- 
bentonite backfill, cement-bentonite, and geomembranes), 
and final cover systems. The design methods for liners, to 
predict water and contaminant migration rates through 
lining and final cover systems, to design facilities for 
earthquake loading, and to evaluate environmental risks 
from containment systems have been developed. The major 
issues of waste containment systems could be divided into 
the following three barriers (Daniel, 1999):

(1) Cover
—Use of geosynthetic clay liners (GCLs) 
—Stability of slopes 
—Capillary barriers

(2) Bottom Liner
—Compacted clay liners (CCLs)
—Geosynthetic clay liners (GCLs) 
—Geomembranes or flexible membranes liners

(FMLs)
—-Single-versus double-liner systems 
—Drainage layers

(3) Vertical Wall
—Geomembrane and sheet-pile walls 
—Diaphragm walls
—Hydraulic conductivity determination

The typical configuration of components for landfill is 
a combination of below-ground and above-ground disposal, 
utilizing a bottom liner/drainage system and a final cover 
system as shown in Figure 16. Numerous researches have 
been conducted on clay liners. Summary of them can be 
found in the textbooks by Daniel (1993), Rowe et al. (1995), 
and Daniel & Koerner (1995), and in Manassero et al.
(1997), Rowe (1998), Daniel (1998), Benson (2000), and 
Manassero et al. (2000) as lecture papers.

The long term behavior of containment systems is very

to
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important, which includes CCLs, FMLs, GCLs, 
double-liners and drainage systems from the point of risk 
assessment. Table 15 shows the data on the rate of leachate 
migration through various types of liners reported by 
Giroud et al. (1994). It can be seen that considerable 
improvements can be achieved when using composite liners 
compared to single liners. Due to the improvements in the 
design of containment systems and better understanding of 
long term behavior of liners, waste containments are 
becoming more secure.

5.2 Liner Systems and Materials

Various types of bottom liner systems have been proposed, 
regulated, and utilized, and could be selected based on the 
risk levels of sites conditions as shown in Figure 17. 
Sophisticated bottom liner systems usually consist of 
barrier (liners) and collection layers. Collection layers are 
meant to collect and remove the leachate generated from 
wastes, and to reduce the hydraulic gradient across the liner 
due to the decrease of water head above the liner such that 
the risks will be significantly decreased. Coarse soils (e.g., 
gravels) have been used for the collection layer, but 
recently geosynthetics (geotextiles, geopipes, 
geocomposites) are often used (Rowe 1998). Barrier (liner) 
layer overlain by a collection layer is a key component to 
contain the pollutant. Single GM liner with a thin GM sheet 
above the base soil is the simplest liner system. Single clay 
liner, that is the liner constructed with clay soils, is also 
used. The most common type of liner system for municipal 
solid waste (MSW) in North America and Europe is the 
composite liner, which consists of a GM underlain by a 
clay layer. Double liner systems are those, which consist of 
two single (either GM or clay) or composite liners. Among 
them, double composite liners (GM-clay and GM-clay) are 
used for more hazardous waste landfills due to the highest 
redundancy against the risk of leaching.

GMs are thin polymer sheets. Most common polymers 
are high-density polyethylene (HDPE), low-density 
polyethylene (LDPE), and polyvinyl chloride (PVC). 
Although GMs are practically impervious, there are several 
critical issues pointed out: (1) holes and punctures are

Table 15. Rate of leachate migration through various 
types of liners

Types of liners Rale of leachate in litres per hectare per 
day (L/h/d)

Mineral liner 100.000 L/h/d for a soil liner having k~ 
10'5 cm/s

10.000 L/h/d for a soil liner having k~ 
10"'’ cm/s

1.000 L/h/d for a soil liner having k~ 
10'7 cm/s

Geomembrane
liner

100 L/h/d for a geomembrane installed 
with strict construction quality assurance 
and containing a typical amount of 
defects

Simple

composite
liner

10 L/h/d for a composite liner with a soil 
having k~10'6 to 10‘5 cm/s 

0.1 L/h/d for a composite liner with a soil 
liner having k~  10‘7 cm/s

Double
composite
liner

~0.1 L/h/d for a double composite liner 
where each of the two liners is 
constructed with a soil having k —■ 1 O'7 
cm/s

unavoidable during the construction and landfill operations,
(2) improper seaming to connect two GM sheets, (3) 
diffusion transport might occur through the intact GM if the 
pollutant is organics, and (4) possible material deterioration 
(Rowe 1998, Benson 2000).

Unlike GMs, clays are unlikely to deteriorate for long 
duration. In addition, since the clay liner thickness should 
be more (50-100 cm for CCLs) than GM liners, redundancy 
can be more expected, and thus, clay is a key material for 
liners. If the natural clay layer continuously maintains a 
low hydraulic conductivity, it could be utilized as a clay 
liner material. However, CCLs are becoming more common. 
The advantageous of clay liners are: (1) low hydraulic 
conductivity, (2) high adsorption capacity against 
chemicals and retardation of chemical transport, and (3) 
less expensive material if the clay can be obtained nearby. 
The disadvantage of clay liners are: (1) to need laboratory 
tests to screen unsuitable materials and to obtain the design 
specification, and (2) difficulty in construction. However, 
Benson et al. (1999) proved that CCLs could be constructed 
with a broad variety of clayey soils using proper
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construction specification and quality control.
Geosynthetic clay liners (GCLs) are the recently 

developed materials, which are thin prefabricated clay 
liners consisting of sodium bentonite encased between two 
geotextiles or glued to a GM. Examples of currently 
available GCLs are shown in Figure 18. The bentonite layer 
provides the extremely low hydraulic conductivity to water 
(~10'9 cm/s), due to their high swelling and water retention 
capacity. Since GCLs are factory-manufactured, 
construction quality control is not necessary unlike CCLs. 
In addition, GCLs can save more air space because they are 
thin (5-10 mm). Thus, GCLs have been recently used in 
bottom liner systems either as a substitute to CCL or 
together with CCL. The critical issues of GCLs are: (1) 
chemical incompatibility, (2) equivalency of the 
performance to CCLs, (3) redundancy, and (4) low shear 
strengths.

5.3 Performance and Regulation

Regulations or guidelines on bottom liner systems for 
MSW landfill in North America, Europe, and Japan are 
summarized in Figure 19. The main points of these 
regulations are whether a GM shall be placed or not, and 
how thick and how low in hydraulic conductivity the clay 
liner must be, although there are other several factors 
influencing the pollutant transport through the liners. In 
particular, diffusion and adsorption, as well as advection 
that is governed by the hydraulic conductivity, are the 
important factors to control the chemical transport in clay 
liners. The purpose of having hydraulic conductivity as the 
regulated values (e.g., 10'7 cm/s for most countries) is 
probably that it is low enough that the diffusion transport 
could be dominant relative to advection. For the more 
hazardous waste landfill, each country has more strict

codes. For example, the United States (EPA) requires a 
double composite liner (single GM as the primary liner, and 
composite liner as the secondary in which the clay liner is 
thicker than 90 cm with hydraulic conductivity lower than 
10'7 cm/s) for the hazardous waste landfill.

In Japan, the waste landfills are categorized into (1) 
least-controlled landfill, (2) controlled landfill, and (3) 
strictly-controlled landfill, in accordance with the type of 
wastes. Least-controlled landfills are for wastes that are 
neither hazardous nor degradable (e.g., soils, glasses). 
Strictly controlled landfills, where the hazardous wastes are 
disposed of, require cement concrete layer to contain the 
waste. Numbers of this type of landfills are however very 
limited. Controlled landfills are for the most common 
non-hazardous but degradable wastes (including MSW and 
MSW incinerator ash). Until the regulation on controlled 
landfill was improved in 1998, no specified structures or 
values had been regulated. Thus, the old waste landfills do 
not have any sophisticated bottom liner, or have only single 
GM liner with little engineering concern. The new 
regulation permits that natural clay > 5 m in thickness with 
hydraulic conductivity < 10'5 cm/s could be utilized as a 
liner. Otherwise, it requires one of three following liner 
systems: (1) two GMs which sandwich a non-woven fabric 
or other cushion material, (2) a GM underlain by an 
asphalt-concrete layer > 5 cm in thickness with hydraulic 
conductivity < 10" cm/s, or (3) a GM underlain by a clay 
liner > 50 cm in thickness and having hydraulic 
conductivity < 10'6 cm/s. It is clear that these codes are not 
enough from the engineering point of view (Katsumi et al. 
1999a, Kamon 1999a and 2000). For example, the 
hydraulic conductivity of CCL is one order of magnitude 
higher than the values regulated in North America and 
Europe. Chemical leakage through different liner systems is 
significantly affected by the hydraulic conductivity of
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CCLs rather than other contaminant transport parameters, 
such as retardation factor or dispersion coefficient. In 
addition, the methods to measure the hydraulic conductivity 
are not mentioned in the regulation. No authorized test 
methods to measure such low'hydraulic conductivity exist 
in Japan. Also, little discussion on the applicability of 
marine clay as a liner has been provided, although coastal 
landfill is becoming popular in the metropolitan areas of 
Japan. Kamon et al. (2001) attempt to consider the 
chemical and bio-chemical effects of marine clay on 
chemical transport. These issues are crucial to be discussed. 
To compare the effectiveness of different liner systems or 
alternatives to a regulatory prescribed liner, a 
performance-based analysis is necessary. Several 
performance-based methods have been proposed (e.g., 
Giroud & Bonaparte 1989, Giroud et al. 1994, Foose et al. 
1996a, Giroud et al. 1998, Rowe 1998, Katsumi et al. 2000). 
The rate of leakage, solute flux or concentration of an 
individual solute species through different liner systems 
can be used as performance criteria. Katsumi et al. (2000) 
presented a simplified performance-based method by using 
typical spreadsheet applications.

5.4 Waste Containment Scenario and Numerical Analysis

Performance of liner system is directly affected by the 
boundary conditions. Manassero & Shackelford (1994) 
proposed the waste containment scenarios: (1) pure 
diffusion, (2) diffusion with positive advection, (3) 
diffusion and negative advection. They are shown with 
respect to vertical and bottom barriers in Figure 20. The 
most common scenario for new landfills is the case of 
diffusion with positive advection, where the compacted 
clay liner is placed above the water table. The case of the 
diffusion with negative advection is the most effective 
containment system but it is not always used due to 
practical problems involved with the continuous use of the 
dewatering systems (Manassero et al. 1996). There are 
many analytical solutions for the advective-dispersive- 
reactive equation (ADRE) available for describing the 
behavior of containment systems (Shackelford 1996).

Modeling of hydraulic flow under saturated conditions 
in porous media can be clearly shown in terms of practice. 
Modeling of ground water flow in connection with 
contaminant migration in the ground is the main issues of 
the proper waste containment. Sophisticated models 
including unsaturated conditions, coupled and 
multi-component flow phenomena, thermal influences and 
attenuation processes have already existed. It is possible to 
design such models theoretically, but modeling needs 
strong simplification and idealization with respect to the 
complexity of the processes. The transport modeling for 
model parameters like dispersion coefficient, and 
measuring parameters from batch and column tests should 
be confirmed for interpretation of laboratory and in situ test 
results. A flow chart of implementing the transport model is 
shown in Figure 21. The resolution of the problems 
associated with contaminant transportation requires close 
interaction between geotechnical engineers and 
hydrogeologists. The principles of contaminant migration 
emphasize the site characterization of ground water 
behavior. The following two areas are the interest to 
geotechnical engineers: 1) The reliability of pollution 
control barriers, and 2) The reliability of quantitative 
contaminant transport evaluation in the heterogeneous 
ground. Factors influencing the design and construction of 
clay and other liners are the most important to analyzing 
the numerical model of contaminant transport.

5.5 Waste-Soil Interactions, Chemical Compatibility, and 
Chemical Resistant Clay

Generally, the containment function of clay barriers is 
controlled by three parameters: advection, diffusion, and 
adsorption. Advection is characterized by hydraulic 
conductivity (fc) and hydraulic gradient (i). Diffusion is 
based on the concentration gradient that includes chemicals 
in the leachate. Adsorption occurs at the clay surface, 
which is negatively charged.
Adverse effect of chemicals on the properties of clays that 
are used for landfill barrier is the most important subject. 
Many researchers reported that, even though the hydraulic 
conductivity is low when the clays are permeated with pure 
water, permeation with chemical solutions would result in 
the increase (sometimes significant) in hydraulic 
conductivity. These effects can be explained by the change 
of the soil fabric, and categorized into (1) dissolution of 
clay particle and chemical compounds, (2) development of 
diffuse double layer, and (3) osmotic swelling for smectite 
clay. Mitchell & Madsen (1987), Shackelford (1994), and 
Shackelford et al. (2000) summarized the clay-chemical 
interactions and chemical compatibility of clay.

Dissolutions of soil components result from strong 
acids and bases. Strong acids promote dissolving of 
carbonates, iron oxides, and alumina octahedral layers of 
clay minerals. Bases promote dissolving of the silica 
tetrahedral layers. These effects can cause the increase in 
hydraulic conductivity, although re-precipitation of 
dissolved compounds might clog the pore and decrease the 
hydraulic conductivity (Mitchell & Madsen 1987).

Mesri & Olson (1971) showed that the hydraulic 
conductivity is largest for non-polar fluids, smaller for 
polar fluids of low dielectric constant (ethyl alcohol and 
methyl alcohol), and lowest for water, which is polar and 
has a high dielectric constant (-80). Similar results 
explaining the effects of dielectric constant were reported 
by other researchers (e.g., Bowders & Daniel 1987, 
Mitchell & Madsen 1987, Fernandez & Quigley 1988, Acar 
Sl  Olivieri 1989, Shackelford 1994). However, they showed
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that the significant increase in hydraulic conductivity did 
not occur when the concentration of organic chemical is 
lower than 50%. This is because dilution with water leads 
to an increase in the dielectric constant.

Direct permeation with organic chemicals is not likely 
in practice, where clay liners are applied. Fernandez & 
Quigley (1985) conducted two different hydraulic 
conductivity tests on clayey soils; one was permeated first 
with water and then benzene, and the other was permeated 
first with water, then with ethanol, and finally with benzene. 
The former test result showed that the concentration of 
benzene of effluent reached 50% after only 0.28 pore 
volume of flow of benzene, and reached 100% at two pore 
volumes of flow. Only 8% of the water that existed initially 
in the soil was replaced by polar benzene. Organic liquids 
flow dominantly through the large pores, and most of water 
in the micro pores remains in the soil. The increase in 
hydraulic conductivity is negligible. The other case 
(permeated with water, ethanol, and benzene) exhibited the 
quite different results. A large portion of water was 
replaced, and hydraulic conductivity significantly increased. 
This is attributed to the solubility of ethanol to water. 
Benzene can replace easily the dilute ethanol in soil pores, 
although it cannot replace the water.

Osmotic swelling of smectite clay is an important 
phenomenon. When dry smectite is hydrated, water 
molecules are strongly attracted to internal and external 
clay surfaces during hydration phase. After this hydration 
process, if the exchange cations of smectite clay are 
monovalent, the region of interlayer may retain numerous 
layers of water molecules during osmotic phase (Norrish & 
Quirk 1954). This condition can be observed as significant 
amount of swelling, and is typically observed when 
Na-bentonites are hydrated with deionized water. When the 
smectite having monovalent at the exchange site is 
permeated with the solution containing low concentration 
of monovalent cations, large fraction of water is attracted to 
clays, less mobile water is available for water flow, and the 
hydraulic conductivity is low. When polyvalent cations 
exist at exchange sites, osmotic phase does not occur, and

Figure 21. Im plem enting

less swelling is observed. Divalent and trivalent cations in 
permeants result in a significant increase of the hydraulic 
conductivity of GCLs, much greater than monovalent 
cations (Katsumi et al. 1999b, Shackelford et al. 2000).

Chemically resistant clays have been recently 
developed to improve the compatibility of clays, in 
particular of bentonite (Lo et al. 1994 and 1997, Onikata et 
al. 1996 and 1999). For example, Onikata et al. (1999) 
developed a chemically resistant bentonite, called 
multi-swellable bentonite (MSB), which is made from a 
natural bentonite mixed with propylene carbonate as 
swelling activation agent. Propylene carbonate can enter 
the interlayer region of smectite, attracts numerous 
numbers of water molecules, and consequently results in 
the strong swelling power even if the permeant contains 
polyvalent cations or high concentration of monovalents. A 
series of hydraulic conductivity tests showed that MSB 
yields one or two orders of magnitude lower hydraulic 
conductivity than natural bentonite when the permeant 
contains calcium cations (Lin et al. 2000).

5.6 Evaluation o f Hydraulic Conductivity

(1) Laboratory Hydraulic Conductivity

Laboratory hydraulic conductivity tests are conducted to 
assess the material suitability of clays as a liner and to 
obtain the design and construction specification for the clay 
soil to be used. Sometimes, laboratory tests are performed 
for the construction quality control of CCL or material 
quality control for GCL. Compared to the relatively 
permeable material (such as sandy soil), different attentions 
need when the tests are conducted on low hydraulic 
conductivity materials, such as clay liner. For example, 
American Society for Testing and Materials (ASTM) 
established a standard test method for low hydraulic 
conductivity soil (ASTM D 5084), while no standard test 
method is established and only little discussion has been 
conducted in Japan. Important factors affecting the 
hydraulic conductivity values are the type of permeameter,
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effective stress, hydraulic gradient, size of the specimen, 
type and chemistry of the permeant, and termination 
criteria. These effects on the hydraulic conductivity were 
recently summarized by Benson et al. (1994), Daniel (1994), 
and Shackelford (1994) for cofnpacted clays, and by Daniel 
et al. (1997), Petrov et al. (1997b), and Shackelford et al. 
(2000) for GCLs. Selected factors affecting the hydraulic 
conductivity are described as follows. Discussion herein is 
focused on the saturated hydraulic conductivity, and a 
comprehensive review on the unsaturated hydraulic 
conductivity is provided by Benson & Gribb (1997).

(a) Type of permeameter

One critical issue for the hydraulic conductivity tests is to 
select the types of permeameters. The permeameters 
typically used are (1) rigid-wall permeameter, (2) 
flexible-wall permeameter, and (3) consolidation-cell. 
When the clay soil of low hydraulic conductivity is used for 
the test, high hydraulic gradient has to be induced to the 
specimen to reduce the test duration. However, such high 
hydraulic gradient results in the large seepage force, which 
might induce the sidewall leakage (leakage between the 
specimen and the ring) if the rigid-wall permeameter is 
used. Further, if the specimen is likely to shrink (due to the 
effect of permeant chemicals), the sidewall leakage is 
unavoidable. Unlike rigid-wall permeameters, flexible-wall 
permeameters are effective to minimize the sidewall 
leakage, even for test specimens with rough sidewalls. A 
typical schematic diagram of a flexible-wall permeameter is 
shown in Figure 22. The test specimen is confined with end 
caps having porous disks on the top and bottom and by a 
latex membrane on the sides. The cell is filled with water 
and pressurized to press the membrane, and therefore 
sidewall leakage is eliminated. There are other several 
advantages of flexible-permeameters: backpressure usage 
to saturate the specimen, control of principal stresses, and 
reduction of the testing duration (Daniel 1994). 
Disadvantages of flexible-wall permeameter are relatively 
high cost and more complicated operation. Usually, 
flexible-wall permeameter requires three pressure positions 
(for cell, influent, and effluent pressures), which costs more. 
If only the gravity force is used for these pressures, the 
permeameter system can be more simplified with less cost, 
but the longer testing duration is needed or the specimen

Figure 22. Schem atic o f flexible-w all perm eam eter

must be thinner to obtain high hydraulic gradient under the 
limited cell and influent pressures.

Consolidation cell is used to obtain the hydraulic 
conductivity, either by calculating the consolidation rate or 
by inducing the seepage directly. The errors on hydraulic 
conductivity values calculated from the consolidation rate 
are likely to exist. Olson (1986) indicated that the hydraulic 
conductivity calculated from the rate of consolidation is 
almost always smaller than the direct measurement of 
hydraulic conductivity. In addition, advantages and 
limitations of direct measurement of hydraulic conductivity 
from consolidation-cell are similar to those of rigid-wall 
permeameter.

When tests are conducted to measure the hydraulic 
conductivity of clays permeated with chemical liquids 
(chemical solutes, pure organics, real/simulated waste 
leachate), rigid-wall permeameter and consolidometer will 
tend to overestimate the hydraulic conductivity because 
clay is likely to shrink or crack. Elexible-wall permeameter 
will be the best system to evaluate the hydraulic 
conductivity with chemicals.

To calculate the hydraulic conductivity, thickness of 
the specimen must be determined, in particular when the 
soil specimen is compressible (such as sludge-state 
material) or under swelling (such as GCL). Cathetometer is 
used to measure the thickness from outside of the cell. The 
use of triaxial compression cell of flexible-wall 
permeameter, instead of the flexible-wall permeameter, 
provides the direct measurement of thickness (height), but 
results in the extremely high cost.

In conclusion, flexible-wall permeameter is considered 
most appropriate. In Japan, many studies were however 
conducted by using rigid-wall type permeameters, because 
bentonite mixtures were used in most cases, which might 
swell and does not induce the sidewall leakage even when 
the high hydraulic gradient was applied (e.g. Imamura et al. 
1996).

(b) Effective stress and hydraulic gradient

If the hydraulic conductivity test is performed by using a 
flexible-wall permeameter, principal effective stress 
(average across the specimen), except the extremely low 
confining pressure, can be controlled by the cell pressure 
and hydraulic gradient. Hydraulic conductivity of 
compressible soils or soils containing the fractures and 
macro-pores are very sensitive to the changes in effective 
stress. Higher effective stress reduces the hydraulic 
conductivity. Thus, the selection of appropriate stress level 
is important. Most appropriate way is to conduct the test 
under the stress condition that represents the field situation.

High hydraulic gradient is often used to reduce the test 
duration. Negative effects of high hydraulic gradient are 
considered that (1) the large seepage force results in 
consolidation of the specimen and decrease the hydraulic 
conductivity, and (2) piping of fine particles due to the 
large seepage force increases the hydraulic conductivity. 
ASTM D 5084 recommends a maximum hydraulic gradient 
of 30 for media with low hydraulic conductivity (k s. 10'7 
cm/s).

There are several results reported on the effect of 
hydraulic gradient on hydraulic conductivity of compacted 
clays and GCLs. Fox (1996) derived the equations to obtain 
the pore water pressure and effective stress distributions 
across the specimen during hydraulic conductivity testing, 
which indicated that excessive hydraulic gradients can 
cause reductions in the measured hydraulic conductivity, in 
particular for normally consolidated soils with high 
compressibility, such as soft clays and soil-bentonite 
slurries. Imamura et al. (1996) conducted a series of 
long-term rigid-wall permeameter tests on the compacted
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sand/bentonite specimens, and the test results indicated that 
a two order increase in the hydraulic conductivity (10‘9 
cm/s to 10'7 cm/s) occurred after more than 25 pore 
volumes of flow of Ca(OH)2 solution (600 ppm as Ca++ 
concentration) under a hydraulic gradient of 800. Further, a 
decrease in the hydraulic gradient from 800 to 30 has 
resulted in the recovering decrease of hydraulic 
conductivity (10'7 cm/s to 10'9 cm/s) again. Thus, Imamura 
et al. (1996) concluded that this increase in hydraulic 
conductivity under the high hydraulic gradient might be 
attributed to the piping of fine particles.

Although ASTM D 5084 recommends a hydraulic 
gradient lower than 30, hydraulic gradients used for 
measuring the hydraulic conductivity of GCLs typically 
ranged from 50 to 550. Rad et al. (1994) reported that the 
hydraulic conductivity of a GCL was not affected by a 
hydraulic gradient of 2800. Hydraulic gradient has 
relatively minor effect on the hydraulic conductivity if the 
mean effective stress is constant (Petrov et al. 1997a, 
Shackelford et al. 2000). The recommendation of a 
hydraulic gradient lower than 30 is probably effective for 
the ordinary compacted clay specimen, having the 
specimen length or thickness of 116 mm (the height of 
Proctor mold), and Shackelford et al. (2000) indicated that 
the higher hydraulic gradient can be applied for the thinner 
specimens. Figure 23 indicates the increase in effective 
stress at the effluent end of the specimen due to the 
hydraulic gradient for various specimen thicknesses. For 
the compacted clay specimen having the length of 116 mm, 
a hydraulic gradient of 30 causes 17 kPa increases in 
effective stress at the effluent end. For the same increase in 
effective stress, a hydraulic gradient of 342 can be applied 
to a 10 mm-thick GCL. However, it does not necessarily 
assure the use of high hydraulic gradient for extremely 
thin-cut specimens of compacted clay, which is usually 
used as a thick layer in practice. Since the higher hydraulic 
gradient across GCLs installed in the field might occur 
because it is extremely thinner than CCL, the use of such 
high hydraulic gradient for the laboratory test is considered 
reasonable for thin liner materials to some extent.

(c) Termination criteria

Long duration test is usually needed to conduct the 
hydraulic conductivity test on low-permeable materials. 
Provided a compacted clay specimen having a thickness of 
116 mm and hydraulic conductivity of 10‘ cm/s is tested 
under a hydraulic gradient of 30, test duration longer than 
40 days is needed to achieve only one pore volume of flow 
through the specimen. Also, among the soil properties, none 
varies over so wide range as the hydraulic conductivity,

which makes it difficult to decide when the test could be 
terminated. Assuming the same hydraulic gradients and the 
same specimen lengths for two different specimens having 
different hydraulic conductivities, the test duration required 
to obtain the same volume of flow is simply proportional to 
the hydraulic conductivity. Thus, the termination criterion 
is another critical issue in conducting the hydraulic 
conductivity test. Typical termination criteria are (1) 
equality of the inflow and outflow rates (s 25%), and (2) 
measurement of a steady hydraulic conductivity (four or 
more consecutive measurements within 25% to 50% of the 
mean) (Daniel 1994). For the chemical compatibility test, 
where the chemical solutions and waste leachates are used 
as a permeant, permeation of a minimum of two pore 
volumes of flow has to be achieved, and similarity between 
the chemical composition of the effluent and the influent 
has to be ensured (Daniel 1994, Shackelford 1994, 
Shackelford et al. 1999). To establish the similarity in the 
chemical composition of effluent and influent sometimes 
requires an extremely long duration (Bowders 1988, 
Imamura et al. 1996, Shackelford et al. 2000). For example, 
Imamura et al. (1996) reported that the hydraulic 
conductivity of a compacted sand-bentonite specimen 
permeated with Ca(OH)2 solution increases by more than 
two orders of magnitude after more than 25 pore volumes 
of flow corresponding to three years of permeation.

For practical indicators of chemical equilibrium, an 
experimental and theoretical study by Shackelford et al.
(1999) suggests that electric conductivity (EC) 
measurements can be used as an index of the chemical 
composition of electrolyte solutions. Measuring the electric 
conductivity is simple, inexpensive, and rapid. The results 
of a long-term hydraulic conductivity test on a needle 
punched GCL with a dilute (0.0125 M) CaCl2 solution is 
shown in Figure 24 (Katsumi et al. 1999b, Shackelford et al.
2000). This data illustrate how misleading can occur. The 
hydraulic conductivity was low and steady for the first 5 
pore volumes of flow, which satisfy some of the 
termination criteria except for chemical equilibrium. 
However, the hydraulic conductivity increased 25 times 
larger after approximately 30 pore volumes of flow. The 
similarity of EC between effluent and influent was not yet 
achieved at 5 pore volumes of flow. The hydraulic 
conductivity started to increase after the similarity of EC 
was achieved, which means that measuring EC of outflow 
is effective to draw an appropriate termination criterion.

In measuring a low hydraulic conductivity, to permeate 
soils with deaired water is the best way. Although water 
contains approximately 8 mg/L of dissolved oxygen at 
atmospheric pressure, properly deaired water will contain 
less than 1 to 2 mg/L (Daniel et al. 1997).

CO 
0) ^
c l  20F co y)
o s
£ “  15|-

L= 116.4 mm 

25^ (Typical CCL specimen)

L = 16 mm

14 mm 

12 mm 

10 mm

8 mm 

6 mm

o) A
o  i ■ 
car

73 -
a

¥

4 mm 

L = 2 mm

0 30 100 200 300 400 500 

Hydraulic gradient, i

Figure 23. Change in effective stress due to applied 
hydraulic gradient for different specimen 
thickness

>.
>

o
0
3
2"O>.
1

m
o

m
o

-o
X

Pore Volumes of Flow

Figure 24. Long-term hydraulic conductivity test results 
for a needle-punched GCL permeated with 
0.012 M CaCl2 solution

2651



Hydraulic conductivity of the specimens sampled from the 
field does not necessarily represent the in situ hydraulic 
conductivity, because macropores control the flow of water 
at field scale while the small specimen does not always 
contain these pores. Daniel (1984) addressed that the 
field-scale hydraulic conductivity of clay liners could be 
orders of magnitude higher than the hydraulic conductivity 
measured on small specimens in the laboratory. Thus, 
measuring the hydraulic conductivity in the field with an 
appropriate scale is important. In the United States, several 
methods to measure the field hydraulic conductivity have 
been proposed, and the most common of them are: (1) 
sealed double-ring infiltrometer (SDRI) test and (2) 
two-stage borehole (TSB) test.

A schematic diagram of SDRI test is shown in Figure 
25. Inner ring is to permeate the compacted clay. Hydraulic 
conductivity (k) can be computed from the infiltration rate 
(I) and hydraulic gradient (i). There are three methods to 
obtain the hydraulic gradient: apparent gradient method, 
wetting front method, and suction head method (Daniel & 
Koerner 1995). Apparent gradient method assumes that the 
clay liner is fully saturated with water over the entire depth 
(L), although it is not realistic and provides too 
conservative results (i = (H+L)/L, H is the depth of water 
above the surface of liner). Wetting front method considers 
the depth of saturated zone (D) and to assume that the 
water pressure at wetting front be zero (i = (H+D)/D). The 
depth of wetting front is measured by using tensiometers 
over time. Although the suction at wetting front is not taken 
into account, the wetting front method provides 
conservative results, but the errors should be so small that 
this method could be used practically enough. Suction head 
method is used to measure the suction at wetting front (S) 
to be added to the static head of water to calculate the 
hydraulic gradient (i = (H+D+S)/D). Method to obtain the 
suction head is presented by Wang & Benson (1995).

TSB test was developed since SDRI costs and needs a 
long testing duration (a month or more) (Benson 2000). A 
schematic of TSB test is shown in Figure 26. The base of 
the borehole is flush to result in the vertical flow, in Stage 1. 
After the equilibrium is achieved, the borehole is extended 
by using an auger to a depth about 1.5 times of the inside 
diameter of the casing. Then, another falling head 
infiltration test is conducted. From the two apparent 
hydraulic conductivities (K , and K2) obtained from Stages 1 
and 2, vertical (Kv) and horizontal (Kh) hydraulic 
conductivity can be computed.

Both SDRI and TSB provide essentially zero 
confinement pressure, which is unlikely in the field after 
the landfill is ongoing or completed. Thus, laboratory

(2) In situ H ydraulic C onductivity hydraulic conductivity test on the specimens colleted from 
the field during the construction of clay liners is conducted 
to provide the proper effective stress. The laboratory 
specimens for hydraulic conductivity testing must be large 
enough to represent the liners existing in the field. Results 
of the SDRI tests using inner rings having different sizes 
(0.6 m x 0.6 m, 0.9 m x 0.9 m, and 1.2 m x 1.2 m) and 
laboratory hydraulic conductivity tests on the specimens 
with different sizes (460, 305, 152, and 76 mm in 
diameters) trimmed from the SDRI test spot showed that 
block specimens for the hydraulic conductivity tests needs 
to have 300 mm or more in diameter (Benson et al. 1994). 
Benson et al. (1997) reported the results of four different 
hydraulic conductivity test methods (SDRI, TSB, and 
laboratory tests on large block and on small specimens) 
performed, and concluded that large-scale test either from 
field tests (SDRI and TSB) or laboratory test yield similar 
values of hydraulic conductivity.

5.7 Construction o f CCL

(1) Specification

To construct a clay liner of low hydraulic conductivity, key 
issues such as selection of a suitable soil material and 
provision of an appropriate construction specification under 
the given soil material are needed. Daniel (1993) presented 
that the minimum requirement recommended to achieve a 
hydraulic conductivity lower than 10'7 cm/s for most soil 
liner materials are: percentage fines a 20-30%, plasticity 
index a 7-10%, percentage gravel s  30%, and maximum 
particle size = 25-50 mm.

Water content of the soil, method of compaction, and 
compaction effort have major influence on the hydraulic 
conductivity of compacted clay liners (CCLs). Early 
experiences showed that low hydraulic conductivity could 
be easily achieved when the soil is compacted wet of
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Figure 25. Schematic of sealed double-ring infiltrometer 
(SDRI) test

Figure 26. Schem atic o f tw o-stage borehole (TSB) test
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Figure 27. Procedure for determining acceptable
compaction zone to achieve low hydraulic 
conductivity
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Figure 28. Definition of P0 (percentage of field 
compaction data wet of the line of 
optimums) for construction quality control

optimum water content with a high level of kneading-type 
of compaction energy (Mitchell et al. 1965). This is 
because the influence of clods is eliminated when the 
compaction is performed at wet of optimum due to the 
re-arrangement of clay particles (Mitchell et al. 1965, 
Benson & Daniel 1990). Following these conclusions, 
Daniel & Benson (1990) established the specification of 
water content-density criteria for CCL to achieve a low 
hydraulic conductivity.

Typical construction specification for compact soils 
(e.g., for embankment construction) requires water content 
fall within a specified range and that percent compaction is 
equal to or exceeds a specified minimum value. However, 
the water content-density zone providing low hydraulic 
conductivity is different from this typical specification as 
shown in Figure 27 (Daniel & Benson 1990). Figure 27(b) 
provides the hydraulic conductivity values for the 
specimens whose water content-density data are plotted in

Figure 27(a). It is clear that the maximum dry density does 
not result in the lowest hydraulic conductivity, and 
minimum hydraulic conductivity is achieved when the 
water content-density plot on or above the line of optimums, 
as shown in Figure 27(c). In addition, Figure 27(d) 
considers the minimum value of dry density to ensure the 
adequate shear strength of CCL.

(2) Field performance and quality control

The most important question is whether the CCLs could be 
really constructed in the field by reasonable construction 
methods with the soil materials that can be obtained. An 
extensive study analyzing the hydraulic conductivity data 
collected from 85 different sites in North America reported 
by Daniel (1998) and Benson et al. (1999) answers this 
question.

The data reported by Benson et al. (1999) are: index 
properties, laboratory and field hydraulic conductivities, 
and construction specifications. Seventy four percent of the 
test sites meet the hydraulic conductivity criterion ( s l0 ‘7 
cm/s). Their findings are: (1) a broad variety of clayey soils 
can be used to construct CCLs having hydraulic 
conductivity lower than 10'7 cm/s, (2) compaction should 
be ensured wet of the line of optimums, (3) percent 
compaction, laboratory hydraulic conductivity values, and 
index properties are not necessarily the important factors to 
achieve the specified hydraulic conductivity, and (4) 
thicker liners or liners having many compaction lifts tend to 
have lower in situ hydraulic conductivity.

Figure 28 shows the method for construction quality 
control presented by Benson et al. (1999). Several water 
content-density data are collected from a site, and plotted 
as shown in Figure 28. Percentage of field compaction data 
wet of the line of optimums (P0) can be calculated. 8 of 10 
plots are wet of the line of optimums, therefore P0 is 80%. 
Test results showed that, if Pg is greater than 70-80% for a 
site, the in situ hydraulic conductivity can be assured lower 
than 10'7 cm/s.

In conclusion, practical lessons to construct CCLs are:
(1) to screen the unsuitable soils for CCL by index property 
tests, and conduct the laboratory hydraulic conductivity test 
to obtain the construction specification, (2) to avoid using 
the conventional compaction specification and to ensure 
wet of the line of optimums, and (3) to ensure 70-80% of 
the field values of water content-density points above the 
line of optimums (Benson et al. 1999).

5.8 Vertical Barrier and Cover System

The vertical cut-ff walls (barriers) are the most appropriate 
methods for surrounding landfills and contaminated sites to 
cut-off the path between source of emission and target of 
impact (Loxham et al. 1998). Cut-off walls can be 
constructed using various foundation engineering processes 
as shown in Figure 29. A distinction is made between 
cut-off walls constructed by excavating the soil and those 
constructed by soil displacement (Jessberger, 1996). 
Bentonite-cement mixture wall including the case where 
geomembrane sheet installed can provide a proper 
composite vertical barrier. The advantages of these vertical 
barriers are the cost effectiveness and the easy technique of 
contaminant control by lowering the groundwater table 
inside the landfill. The long term resistance of the cut-off 
walls depends on the thickness and distribution of the 
components within the walls and materials used. Cut-off 
walls should be designed to key into a continuous and 
sufficiently thick underlying low permeability stratum at 
such a depth that an adequate seal is guaranteed.

To avoid the leakage of leachate that contains toxic
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Figure 29. Cut-off wall systems as vertical barrier

substances, effective design is not only to install bottom 
liner and vertical barrier but also to establish the landfill 
cover system in order to prevent infiltration of precipitation 
and surface water to the waste layer and to minimize the 
generation of waste leachate. In European and American 
countries, clays and/or geomembranes are generally used as 
hydraulic barrier, of which the water interception is 
expected. Top and vertical of geomembrane barriers are 
schematically shown in Figure 30. Recently, the application 
of sludge materials to barrier layer has been examined from 
the viewpoint of effective utilization of wastes (Moo-Young
& Zimmie 1996, Kraus et al. 1997, Kamon et al. 2000b). 
Effect of cover systems has been discussed from the 
viewpoint of water balance, and the chemical and 
bio-chemical aspects, because the less infiltration would 
result in the reduction (anaerobic) condition, which is 
expected to reduce the heavy metals leaching (Ludvigsen et 
al. 1998). When the cover system controls infiltration 
effectively, the waste is isolated as well and gas movement 
is controlled. Consequently, we obtain the stable waste 
landfill.

5.9 Stability Problems o f Waste Landfill

Clay liners are used to prevent leachate from polluting the 
nearby environment. Generally, due to the large amount of 
precipitation of rainfall in Japan, ground water level in 
canyons is high. Thus, the shear strengths of clay liners are 
expected relatively low. There are several slope failures in 
Municipal waste landfills in USA (Mitchell et al. 1990, 
Seed et al. 1990, Eid et al. 2000, Stark et al. 2000). 
Therefore, the stability of a landfill along clay liners should 
be taken into account prior to its construction.

Water migration and pF tests were conducted on clay 
liner specimens to evaluate the water migration 
characteristics between liners and underlying ground. 
Interface and/or internal direct shear tests were conducted 
on clay liner specimens with various water contents

- W a ll  

geom em brane
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grout ed n .

Aquitard

(a)  Keyed  (and grout ed) int o  aq u if er

(b )  Deep  ( hang ing )  w a l l  beneat h w aste

Figure 30. Geomembrane cover and vertical barrier

obtained from the above tests. Stability of typical canyon 
solid waste landfills along clay liners was analyzed with the 
shear strength parameters obtained from the shear strength 
tests (Kamon et al. 2000). According to the analytical 
results of interface frictional effect (Kamon & Katsumi
2001), possible reduction of shear strength of CCLs was 
obtained by heavy rainfall and increase of the ground water 
level conditions. Water movement to CCLs due to 
capillarity results in large increase in the degree of 
saturation of CCLs. Solid waste landfills at gentle slope 
(not greater than 20 degree) between CCLs and base rock 
did not fail in the both cases of clay-bentonite-liner (CBL) 
and sand-bentonite-liner (SBL) even with horizontal
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seismic coefficient kh < 0.28. The stability of canyon-type 
waste landfills could be confirmed more safety using CBL 
than SBL.

5.10 Site Characterization for waste disposal site

The main objective for a geo-environmental site 
investigation for waste disposal site is to determine the 
follows (Brandi & Robertson 1996):

(1) Nature and sequence of the subsurface strata 
(geologic regime)

(2) Ground water conditions hydrogeologic regime)
(3) Physical, mechanical and chemical properties of the 

subsurface strata
(4) Distribution and composition of the contaminants
In case of a waste disposal facility the site comprises a 

control zone, the waste deposit itself, a central monitoring 
zone and security zone as shown in Figure 31. The security 
zone is the area within that a possible ground water 
contamination must be prevented from further spreading. 
The monitoring zone can be set at the main downstream 
area. The spacing between the monitoring points in the 
Figure 31 should be En is smaller than Bn/6. The 
monitoring zone can be omitted if a closed controlled 
system is installed with continual monitoring of all fluids, 
which might discharge from waste deposit.

Ground surface
B„ Sn !

Groundwater flow  ------ ►
■ 1

Groundwater flo w  Control 

direction (scatter) zone

Waste monitoring security 

deposit zone zone

Control points (e. g. piezometers)

A xia l distance between two control points, measured orthogonally to 

the relevant direction o f ground water flow

Distance between the center o f two adjacent control points and the 

nearest edge o f the waste deposit (along the axis o f the relevant groun 

water flow  line)

Distance between the center o f two adjacent control points and the 

nearest downstream edge o f the control area (along the axis o f the 

relevant ground water flow  line)

Distance between the upstream and downstream edge o f the control 

zone (along the axis o f the relevant ground water flow  line)

Figure 31. Schematic defined zones of waste 
disposal site

5.11 Land Use o f Waste Landfill Sites

(1) Landfill Islands Project for Creating New Environment

Landfill Islands Project is proposed to create a new 
environment in the Tokyo Bay in Japan. It aims at being an 
urgent solution to the problem of the disposal of various

solid wastes and surplus soils. This is an extremely 
large-scale project involving the construction of three main 
islands, 32 km wide, over a lengthy construction period of 
about 50 years. The design of the project was carefully 
evaluated since environmental safety can be affected by the 
reclamation of waste materials. In particular, the effects on 
the ocean environment were examined qualitatively and 
quantitatively. As a result, it is highly possible that this 
project can be practically executed.

The land use of the waste landfills should be conducted 
rationally based on environmental geotechnics. Since the 
land use of waste disposal areas has been strongly 
recommended in Japan, many attempts have been made (for 
example, Onitsuka et al. 1996).

A waste Landfill Islands project, which is a new type 
of large-scale reclamation work in the sea, was proposed 
(Kamon et al. 1998b). This proposal not only offers a 
solution to the disposal problems of various industrial solid 
wastes and surplus soils generated from construction works, 
but also can provide a new waterfront for creating a 
pleasant environment with much greenery. Since there are 
many problems to be overcome, the advanced research has 
been conducted in this paper. These researches are based on 
the activities of the Research Committee on the Creation of 
New Waterfronts in the Japan Society of Civil Engineers 
(1995 & 2000).

(a) Basic idea of the project: The grand concept of this 
project is to create a favorable waterfront environment near 
large cities with solid wastes and surplus soils. We can 
point out the significance of the project with the following 
three items.

1) We should compile all available data for this project 
so that we can present the philosophical and technological 
appeal of this positive environmental creation and share it 
with the world.

2) We must create new spaces for sustainable 
development in the 21st century.

3) We can offer the most feasible waste management 
system, since it is our most difficult problem at present and 
for the future. The Landfill Islands, which include a large 
area and a high mountain, can be thought of as a monument 
to our modern civilization.

To actualize the above significance, it is necessary to 
be innovative and to create reverse ideas from traditional 
ones. How the space on the Landfill Islands is used will 
also play a vital role in factors affecting the environment.

(b) Space use of the Landfill Islands: In order to 
emphasize the significance of this project, a simpler and 
more controlled use of space on the Landfill Islands should 
be planned. The following functions are introduced to the 
Islands.

1) Variety of natural surroundings
The main function of the Landfill Islands is to create 

an ideal circumstance for human beings with a natural 
environment. In particular, the three-dimensional landscape 
of the islands formed by high embankments should be 
included in the project. It is impossible to construct high 
embankments, such as mountains, in normal reclamation 
work because, thus far, such reclamation work has only 
involved the construction of port and harbor facilities 
and/or residential areas. We plan to only create a natural 
environment and to supply a site for agriculture, fisheries, 
and forestry. On the Landfill Islands, therefore, there will 
be lakes, rivers, forests, valleys, swamps, farms, beaches, 
etc. Such functions contribute to our peace of mind and to 
the emotional life of people living in urban areas.

2) Access from the sea
Generally speaking, there will be no housing function 

on the Landfill Islands, and they will only be accessible by 
boat. A small port is needed for each island and this will be 
used during the reclamation work.

2655



3) Emergency site at times of disaster such as a big 
earthquake

Mega-scale disasters severely affect urban structures 
and functions, and thus, large spaces in the center of urban 
areas such as Landfill Island! can be used as emergency 
refuge sites.

4) Stockyard of resources
Disaster prevention in urban areas should be 

considered with regard to long-term safety. High 
embankments constructed for mountainous landscapes can 
be easily utilized as underground storage sites.

Consequently, the basic concept of the usage of space 
and functions of the Landfill Islands can be summarized in 
Figure 32.

(2) Scale of the Landfill Islands and Landscape Design

N atural environm ent

hills, forests, lakes, rivers^ 
valleys, swamps, beaches, 
tidal flats, shallows, etc.

Storage 

' Under

Disaster
prevention

s ground ARefuge ste

Figure 32. Basic concept for the space usage

According to the social impact and necessity of this project, 
the construction site should be located in the center of an 
urban area. The Tokyo Bay area of Japan is a good choice 
since there are more than 40 million people in the 
hinterlands of Tokyo Bay. The Landfill Islands can be 
illustrated as shown in Figure 33. This figure presents a 
plan of the islands with many beaches, shallows, tidal flats, 
lakes and rivers. The plan consists of three main islands in 
order to make the total landscape congested and have 
different functions and scales. Each island will be 
constructed step by step so that the project can respond to 
changes in the environmental situation regarding waste 
management. To construct an object (island), of 32 km2 
wide and about 3 billion m3 in volume is a large-scale 
project, as shown in Table 16. The height of the islands will 
be restricted to 250 m due to the air-traffic control in the 
Tokyo Bay area. This project will continue for about 50 
years. On the basis of feasibility studies on the geological, 
geotechnical, and sociological aspects, the most suitable 
location for the Landfill Islands in the Tokyo Bay was 
decided as shown in Figure 34. The site is the center of the 
inner bay, which also is the least inconvenient site for sea 
transportation.

The usage of these massive islands is currently limited 
to the construction of a 3-dimensional monument of 
greenery as high as 250 m, for the purpose of creating a 
natural environment with tidal flats and beaches for the 
purification of seawater.

We can make a new landscape in the Tokyo Bay and its 
greenery scene gives a graceful image. Figure 35 shows an 
example of the photomontages from the viewpoint at the 
north shore of Tokyo Bay: Urayasu area.

(3) Fill materials

We will need an extremely large volume of fill materials 
for this project, namely, 2.86 billion m3. It would be 
impossible to supply all of these materials from the pit 
yards in the natural ground. On the other hand, large 
amounts of waste are discharged due to highly 
industrialized activities, and disposal sites for dumping this 
waste are quite limited in Japan. Non-toxic and harmless 
solid waste materials and surplus soils generated from 
construction works have the potential for reuse in earthen 
works. Fill materials, therefore, will be supplied by these 
solid waste materials and surplus soils.

We estimate the volume of fill materials as follows:
1) 41 million m3 of surplus soils, which is about 35% 

of the total surplus soils from construction works in the 
Tokyo Metropolitan area,

2) 8 million m3 of sludge, of which 100% is dredged 
sludge from the Tokyo Bay area, and

3) 8 million m3 of incinerated ash, all from municipal 
solid waste.

Figure 33. General shape of Landfill Islands

Table 16. General scale of the landfill islands

N um ber of 
Island

A re a (h a )  

R eclam ation Land

F illing  Volume 
(x m illion m3)

I-Island 800 600 690

II-Island 1,600 1,100 1,580

III-Islands 800 500 590

Total 3,200 2,200 2,860
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Figure 34. L ocation o f Landfill Islands in Tokyo Bay
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Figure 35. Photomontage from Urayasu Sheraton Hotel

Table 17. Geotechnical properties of various types of waste as fill materials

Fill material Engineering properties 
of the material

Unit weight in air 
(and in water) 

kN/m3

Characteristics of filled 
ground

Remarks

Good quality soil 
Debris 
Metal trash 
Waste glass 
Slag

• Relatively high density 
materials 

■ Effective improvement in 
density and permeability 
by compaction

18
(10)

• Less deformability 
■ High stability

■ Stable ground, except debris 
disposal site

Ash
Combustion residue 
Coal ash

■ Generated from industrial 
facilities 

• Grain size: Fine sand-gravel
12
(4)

■ Stabilized by proper 
compaction 

• Liquefaction by the lack

• Need to evaluate the ground by
the degree of compaction

• Water pollution due to
■ Low density, partially of compaction combustion residue.

floating in the water
• High permeability

Poor quality soil 
Dredged soil

■ Inorganic clayey material of 
high plasticity

• Difficult to compact
• Low permeability
• Lack of strength

14.5
(4.5)

• Continuous settlement 
■ Instability
• Improved trafficability by ‘

1-m deep cover soil 
after 1-2 years

■ Mixing with good quality soil 
for improving trafficability 

• Soil improvement, such as SCP, 
is required in constructing 
heavy structures.

Waste paper 
Waste wood 
Waste textiles 
Rubber trash 
Animal residue 
Plant residue 
Others

• Significant compressibility
due to large porosity

• Continuous settlement and
leachate due to degradation

10
(3)

• Large deformation due to 
degradation for first 10 
years

• Instability
■ Design of structures 

considering the erosion 
effect

• Land use as green land, park, or
car park.

• Construction of light structures
after the end of settlement

• Remediation for the gas
emission and leachate water

The Jotal volume of these materials comes to 57 
million m per year. If we can maintain this volume of fill 
materials for 50 years, it will be enough for the total 
volume of the Landfill Islands.

The geotechnical features of waste landfills depend on 
the type and quality of the waste materials to be filled in at 
the site, whether the materials were subjected to 
intermediate treatment methods before disposal, the landfill 
method and the geological feature of the site.

Table 17 summarizes the geotechnical properties of 
various types of waste as fill materials. Every type of solid 
waste can be considered as a fill material with geotechnical 
intermediate improvement. Debris and slag have the same 
properties as good quality soil, while organic waste is 
troubled by degradation. Since careful intermediate 
treatment is required for the latter waste, it is planned that 
the reclamation procedure and land configuration will 
depend on the geotechnical properties of the waste.

(4) Construction steps

A large scale structure of outer breakwater is required for 
the Landfill Islands, but an inner revetment is enough for a 
light structure. The balanced-type revetment as shown in 
Figure 36 could be applied as a light structure. Figure 37 
shows the construction steps for each island including 
breakwater and revetment structures. Stable types of waste, 
such as waste concrete, debris, waste glass, slag, and 
surplus soils are reclaimed under the sea water level. 
Controlled waste, on the other hand, can only be used to fill 
over the sea water level in order to avoid harmful leachate 
from the waste.

(5) Evaluation of Environmental Impact

The design of this project should be carefully evaluated 
since the environmental safety can be affected by reclaimed 
waste materials. In particular, the qualitative and
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Figure 37. Construction steps of landfill islands

quantitative effects on the ocean environment must be 
examined.
(a) Purification of the water quality in Tokyo Bay 
A large volume of soft sludge was accumulated in Tokyo 
Bay. This sea deposit was inspected and the results of water 
quality (COD) are illustrated in Figure 38. It included many 
kinds of organic substances, which supply environmental 
loading of deposits to the sea, and thus, it creates a source 
of water pollution. The construction site is the deepest part 
of the accumulated sludge. When covered with fill 
materials, the environmental loading from the sludge can 
decrease. The total loading from the sludge deposited in 
Tokyo Bay was measured to be about 100 tons per day 
based on the COD (Chemical Oxygen Demand). The 
covering effect by the Landfill Islands can be estimated at
12.5 tons per day (The leachate rate of the COD from the 
sludge was postulated at 308 mg per day).

Tidal flats and beaches have the important function 
and ability to purify the water quality. Therefore, a 
number of tidal flats and beaches were designed for the 
Landfill Islands project. We can estimate this function as 
follows:

1) Estimation of the purifying ability of the tidal flats
Since the total tidal flat area is 8.75 km2, purifying

ability by based on the COD is calculated at 1000 tons per 
year.

2) Estimation of the purifying ability of beaches 
Since the total beach area is 2.25 km2, the purifying 

ability based on the COD is calculated at 70 tons per year.
The total purifying ability of the tidal flats and the 

beaches, based on the COD, is 1070 tons per year.

(b)Estimation result of construction effect of the Landfill 
Islands
The numerical analysis has been conducted to estimate the 
construction effect of the Landfill Island.

Figure 39 shows the analytical model mesh. Analyzing 
conditions are as follows; 1) Calculated grid is 800m mesh,
2) Flow analysis is 3D Flow Model, 3) Water quality 
analysis is based on “Rich-fertilizing Model”, 4) Cleanup 
effect of tidal flat is postulated as 75g/m2 year.

Figures 40 and 41 show the numerical results of 
particle flow and the distribution of planktons in seawater. 
They show the environmental impact by the Landfill 
Islands project, but it is not so severe and is acceptable.

(c) Creation of a new waterfront: The large areas of 
greenery could supply many sites for bird sanctuaries, 
which do not exist in the present sea area. As for fishery
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(b) Lower layer

Figure 38. Water quality of the Tokyo Bay (pattern of COD)

resources, a cobble mound around the breakwater could 
also attract a number of fish and shells with its gathering 
effect.

(6) Construction Plan and Cost Estimation 
Several new concepts for the large-scale and long-term 
reclamation work procedure should be introduced. They are 
summarized as follows:

1) Flexible structure
2) Cheap construction method
3) Breakwater structure reducing environmental 

loading
4) Minimizing method of environmental impact
Slow and balanced construction is the key word of this 

project. The cost of this large-scale reclamation is 
extremely high. Table 18 summarizes the total construction 
cost for the Landfill Islands. It is estimated at more than US 
$40 billion according to a rough estimation of each volume 
of construction work and its unit cost. In this case, we can 
consider the fee for the fill materials to be free and they are 
accepted as waste materials. Each time waste material is

obtained an acceptance fee of about US $10 - 100 per m3 is 
requested at the disposal landfill site. This fee depends on 
the material quality of the waste. Non-toxic and solid waste 
such as sand or gravel is the cheapest, but very soft muddy 
waste and the least harmful type of waste are much costlier. 
The average acceptance fee for the Landfill Islands could 
be considered as US $30 per m3. Since the total volume of 
the fill materials for this project will reach 3 billion mJ, the 
total acceptance fee is predicted to come to US $90 billion, 
more than twice the total construction cost.

It is, therefore, enough to be balanced, even though we 
need to consider the interest for the initial investment for 
the disposal site construction.

The Landfill Islands project was proposed as one of the 
most feasible strategies for waste management. It will be 
comprised of a huge waste landfill and will involve 
long-term construction. As a result of geotechnical and 
environmental research, the Landfill Islands project has the 
high potential to be practically executed, in particular, with 
high compatibility to the ocean environment and

2659



*r

/

(a) Before the construction (b) After the construction 

Figure 40. Particle flow from Ara River

(a) Before the construction (b) After the construction

Figure 41. Distribution of planktons in the upper layer

construction cost feasibility. We hope this project could 
contribute to establish a new environment for the 
sustainable development.

6. REMEDIATION OF CONTAMINATED SITES

6.1 Environmental Remediation

There is a growing interest in improving the quality of the 
environment. Mitigation of environmental impacts as a 
vital condition for continued progress is very important. In 
this sense, legislation and enforcement organization have 
been established to compel the industries to reduce the 
contamination levels. Modern industrial technologies are 
focused on the optimization of their processes to minimize 
risks and contamination.

However, several environmental problems have been 
found to be common in many countries. Contaminated sites 
with heavy metals and/or organic contaminants, leakage 
from underground storage tanks, surface water 
contamination, uncontrolled landfills, and agrochemical 
contamination are some of the shared environmental 
problems. Several environmental laws and regulations have 
been promulgated in many countries over last two decades. 
Yong (1996) pointed out the principal factors of 
contaminated sites normally considered in Environmental 
Geotechnics include:

(1) The soil system including the solid, liquid and 
gaseous phases;

(2) The aquifer;
(3) The biological system;
(4) The inorganic and/or organic contaminants;
(5) Other factors, e.g., temperature, climate, regional
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Table 18. Construction costs for the Landfill Islands project

Volume Unit cost 

(USS)

Total cost 

(million US$)

Remarks

Large-scale

Breakwater
10km 300,000/m 3,000

■ including ground improvement 

• depth of sea - 20m

Balance type 30km 100,000/m 3,000 • gentle-slope mound

Reclamation 2,790 

million m3
10/m3 27,900

■ including the cost of transportation and 

compaction

Plantation and infrastructure
3,200 ha 100/m1 3,200

■ including the access port and harbor 

facilities

Underground structures
5 million m3 500/ m3 2500

• storage structures 

■ maintenance

Transportation facilities and 

ports
8 points 50 million/point 400

Total 40,000

controls, etc.
The various concerns and issues arising from the 

problem illustrated in Figure 42 poses in the form of 
three simple questions as follows:

Ql: How serious is the contamination? What is the 
extent (spatial and degree of contamination) of the 
contamination?

Q2: Is the contamination a threat to human health 
and the environment?

Q3: How can the threat be managed? Does one need 
to contain, or to remedy? Or can the threat be ignore?

As a first step, contaminated sites must be identified. 
Second, the goals of remediation for a particular site 
must be defined.

Consequently, remediation actions to solve 
environmental problems have been recently considered. 
Similar questions can be raised in respect to the 
situations of land disposal of hazardous and toxic wastes, 
storage and disposal of tailing material, use of 
insecticides and pesticides, etc. The basic issues deduced 
from the three simple questions, Ql through Q3, can be 
reduced to the fundamental requirement for assessment 
and management of the “Transport and Fate of 
Contaminants” in the ground. The development of 
containment strategies for hazardous waste is highly 
recommended in the countries where remediation 
techniques are not available. Containment systems would 
be a transitory solution for environmental problems when 
the sources of contamination are well located.

Contamination from waste poses a potential threat to our 
natural resources and human health. From the remediation 
standpoint, the most important factors are likely to be a 
definition of the cleanup target, technical and cost 
feasibilities, natural recovery estimates, and the ability to 
distinguish and/or control continuing contamination.

Different remediation methods for contaminated sites 
are available (Jessberger, 1996; Kovarick & Kingscott,
1996). Remedial measures include:

(1) Providing containment by cutting off migration 
pathways by

1) capping systems
2) vertical cut-off walls
3) basal lining systems
4) active pneumatic or hydraulic measures, and/or
5) immobilization.

(2) Decontamination of contaminated land by
1 ) physical treatment
2) thermal treatment

Figure 42. Schematic feature of a land environment pollution 
problem

3) microbiological treatment, and/or
4) soil washing.

(3) Replacement of contaminated soil and waste: this 
method should not be used since the contaminated soil and 
waste still need to be properly disposed of.

Decontamination is the preferred remedial measure, but 
it is not cost effective. Providing containment is the 
accepted substitute for decontamination. It must be 
ascertained that with containment, any risk to humans and 
the environment are eliminated. Containment is in principle 
a temporary remedial action and must provide for cleanup 
activities to be undertaken in the future. An effective 
monitoring system will show if and when additional 
remedial action is necessary. In selecting a proper remedial 
measure, a step-wise strategy should be adopted. After cost 
evaluation, a remedial concept is proposed which contains 
the scope of the remediation and the measures to be taken 
for each case.

6.2 Risk o f soil pollution

(1) Risk aspects

An important issue in the soil remediation policy is the risk 
for human health and environment caused by the pollution 
of the soil. In the beginning it was that the toxic substances

Fate o f pollutants?

Where w ill plume go? 

W ill it reach the aquifer? 

When?
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Figure 43. Confined disposal facility (CDF) design criteria based on contaminant levels and pathways

should not be in the soil at all. Recently, it is recognized 
that total removal of those components was impossible and 
costs were extremely, therefore, we must consider that the 
acceptable risk acceptable concentrations of components 
are a translation of an acceptable risk, not goal in itself 
(Vermeulen, 2001). There are other ways in reducing risks 
than removing components, such as creating barriers 
between pollution and human beings or natural 
environments. Components in ground water cause more risk 
for the ecosystem then pollutants adsorbed to the soil 
particles. So there must be made a difference between 
concentrations in the soil and concentrations in ground 
water. This change in thinking about risks by engineers is 
more rapid then change in risk perception by public. 
Related to risks and risks assessment we consider the 
following aspects:

1) Human toxicological risks
2) Ecotoxicological risks
3) Risks spreading
4) Risk perception
Formerly the allowable concentration of contaminants 

in the soil was related to a low level of risk with no 
restriction to the use of the ground. In the new soil 
remediation policy acceptable concentration of 
contaminants are related to the use of ground, which affects 
to the extend of exposure of human being to contaminants. 
All these circumstances determine the probability of 
contact with polluted soil and the expected duration of 
contact.

(2) Remediation policy

Formerly the soil remediation was dominated by a strong 
technological, geotechnical and earthworks approach, such 
as removing soil, chemical, thermal or biological treatment 
in soil cleaning facilities. Injecting water or air in the soil, 
with oxygen, nutrients or bacteria, extracting components 
by pumping up water and air, and ex situ treatment, 
pump-and-treat, bioventing and biospaging were the main

V o la tiliza tion

Figure 44. Contaminant pathway from in-lake CDF

techniques. But the cost of these techniques was extremely 
high. The new soil quality management policy made it 
possible to apply quite a different approach toward soil 
remediation. This strategy consists of (a) make use of 
natural processes in the soil, (b) stimulate these processes, 
and (c) apply intensive bioremediation processes.

The real goal to achieve by the soil remediation is the 
reduction of human- or ecotoxicological risks. Policy, 
economical and technological developments for the soil 
remediation need to clarify bioavailability of components, 
risk site assessment, natural attenuation, and decision 
support systems.

6.3 Containment and isolation

There are three approaches to contaminant partitioning of 
waste. These approaches are: (1) beneficial use or 
open-water disposal, (2) solids retention, and (3) hydraulic 
isolation. The confined disposal facility (CDF) design 
criteria, based on contaminant level and pathway, are 
shown in Figure 43 (Kamon et al. 1998c).

The CDF should be used for contaminated waste that 
cannot be released without control to the environment.

2662



Table 19. Containment systems

Type Method Comments

Horizontal Barriers Grout Injection Need to use several stages of grouting. Can have ungrouted flow paths. 

Unlikely k <10 -5 cm/s can be achieved.
Jet Grouting Forms a pattern of interconnecting horizontal grout discs. Care needed to prevent 

flow path between discs.
Vertical Barriers Shallow Cut-Offs Excavation of trench filled with clay or cement/bentonite or memtxane, aeelsheet or

membrane, steel sheet piles, concrete or a combination of these. Very effective

________________ provided good quality control on construction____________________________
Slurry Trench Walls Excavated under slurry and filled with soil/bentonite or cement/bentonite. Aditives 

include aggregate, slag, fly ash, membranes. Problems that can occur with these 

systems include chemical attack, shrinkage, piping (flow channels due to migrating 

water during hardening), low strain at failure (depending on mix), damage to

membranes and poor connection between membrane panels ThiEtherehave in thepas 

been good and bad installations._______________________________________
Secant Piles Can be concrete or grout individually constructed or row of augers. Leakagpwillocor 

unless contact between piles is effective.

Grout Injection As for horizontal barriers

Jet Grouting Used to form a series of columns which interconnect to form a walL&me limitations as 
for horizontal barriers and secant piles.

Bio Barrier This technique which is only in the development stage relies on ultra micro bacteria 

clogging the migration path. Effectiveness not yet proven.
Reactive Barrier Contains material on to which the contaminants will be adsorbed or precipitated. 

Alternatively the contaminants are destroyed. Depending on extent ofpoIhiionwaD 
can become exhausted before clean up is complete. Also with timeit fepoaHeforthe 

adsorbed or precipitated contaminants to be released from the barrier.

Hydrogeological Pumped Wells An inward hydraulic gradient to the site is produced. Large quantitiesofcontaminated

Systems water have to be handled. Difficult to ensure that all flow is into the site. Can cause 

settlements depending on strata type. Can draw polluted groundwater from acjacent 

sites. Has to be operated for many years at considerable expense. Geological 

heterogeneity can result in variable performance.

Contaminants within the CDF can be discharged to the 
environment through six potential pathways (Richardson et 
al. 1995). These pathways are shown in Figure 44, which 
includes three water-borne pathways (seepage, leachate and 
surface runoff), two pathways related to the direct uptake of 
the contaminants by plants or animals (bioturbation), and 
an airborne emission of contaminants (volatilization).

The methods for limiting contaminant pathways from 
CDFs for problematic waste include the addition of 
engineered barrier and/or water-balanced components in 
dikes, basins, and covers. The operational alternatives for 
establishing pathway barriers are also important. Thus, the 
basin of the CDF could be lined using compacted clay liner 
(CCL) or it could be sealed by placing an initial layer of 
clean fine-grained material in the CDF. Either barrier layer 
could be effective in limiting the movement of leachate 
from the waste into the ground water beneath the CDF.

Loxham et al. (1998) present an overview of the 
available on site containment methods. Table 19 shows the 
highlights of the problems and limitations of containment 
systems. The containment method should be considered as 
a temporally technique for the measure of the polluted 
lands. Clark (1998b) proposed that containment methods 
can be combined with other technique, for example the 
channeling of contaminated land water through a treatment 
gate or the containment walls themselves may be employed 
as part of contamination treatment.

6.4 Remediation

(1) Remediation Techniques

Uncontrolled release of heavy metals and organic chemical 
substances into the ground has resulted in widespread 
ground and ground water contamination. This means that 
the problem of contaminated land results from relatively 
localized or point source activities as well as from 
relatively dispersed or non-point source activities.

A result of the quality survey of ground water in Japan, 
which was performed by the Japanese Environmental 
Protection Agency, is shown in Figure 45. The ground 
water in urban area already has been widely contaminated 
by many kinds of toxic chemical substances. WHO 
recognizes TCE and PCE as trigger substances for the 
decease of cancer. They were detected in the samples of 3 -
4 %, of which contaminated levels were beyond the WHO 
guideline.

The remediation of sites with contaminated lands 
should be performed as soon as possible. A number of 
techniques are now available for the remediation as listed 
in Table 20 (Shackelford & Jefferis 2000). Many are based 
on established technologies and/or innovative methods 
developed recently. But some are only emerging and are 
still at the experimental stages. Solidification/stabilization
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Table 20. C lassification o f  rem ediation technologies based on soil as the contam inated medium

Technology Technique/ 
Category

Examp le(s) 
Process

Comment(s)

(ex situ) Containment Disposal Landfills On-site vs. Oft-site;
New vs. Existing

treatment Chemical Neutralization, Solvent 
Extraction

Treated soil may 
require disposal in a

Physical Soil Washing, Stabilization/ 
Solidification, Vitrification 1

landfill, or may be 
returned to the site.

Biological Biopiles, Bioreactors
Thermal Incineration, Vitrification

(in situ) Containment Pump &. Vertical Wells, Both passive and active
Treat Horizontal Wells containment

Capping Traditional Covers, Alternative 
Covers, Geochemical Covers

are possible; In pump 
& treat, pump ing is

Vertical
Barriers

Slurry Walls, Grout Curtains, 
Sheet Piling Biobarriers, 

Reactive Barriers

used to control 
hy draulic gradient and 

collect
Horizontal Grout Injected Liners contaminated water;

Barriers treatment is ex situ

T reatment Chemical Oxidation, Chemical Reduction Technologies with
Physical Soil Flushing*, Stabilization/ 

Solidification, Vitrification, 
Air Sparging (AS)*, 

Soil Vapor Extraction (SVE)*, 
Electro-kinetics (EK)*

(*) require removal of 
gas and/or liquid 

phases and ex situ 
treatment; Both passive 

and active
Biological Monitored Natural 

Attenuation (MNA), Bioventing 
Bioslurping Biosparging

treatment are possible.

Thermal Steam Injection*,
Radio Frequency Heating (RF)11 

Vitrification*

Ratio o f detected sites (%)

0 50 100

N -N 03 

Chloroform 

Carbon tetrachloride

1.1-dichloroethane

1.2-dichloroethane

1.1.1 -trichloroethane

1.1 -dichloroethylene 

cis-1,2-dichloroethylene

trans-1,2-dichloroethylene 

T richloroethy lene 

tetrachloroethylene 

Benzene 

Toluene 

Xylene

Figure 45. Contaminated ground water in Japan

(S/S) technique has the potential to stabilize or treat soils, 
which would permit safe containment.

The soil-mixing S/S technique has increasingly been 
relied upon for in situ remediation of contaminated soils 
(Day & Ryan 1995). Depending on the application, 
different diameter mixing augers (1 to 4 m) can be used to 
inject cement, bentonite and other stabilizers to modify soil

properties and thereby remedy contaminated lands. A major 
advantage of the Deep Mixing Method (DMM) is its ability 
to treat soils at great depths without excavation, shoring or 
dewatering. Thus, it is relatively low cost and allows less 
exposure of wastes to the surface environment. When a 
quick lime powder of DMM is injected into a contaminated 
clay ground, the induced heating by the reaction of the 
quick lime with water can easily remove volatile organic 
compounds (VOCs). The following introduces an example 
of Japanese experience with DMM (Yabuta et al. 1996). 
The contaminated layer spread from the ground surface to 
the deep clay layer. The improved depth was from the 
ground level to 5.5 m below the ground surface. The 
contaminating substances are TCE, PCE, c-DCE, etc. and 
the maximum contaminant concentrations were 265.5 
mg/kg-dry soil of TCE and 329.7 mg/kg-dry soil of c-DCE. 
After injection of 100 or 150 kg/m of quick lime for two 
mixing cycles, a large volume of VOCs was extracted from 
the contaminated land.

A permeable reactive barrier (PRB) consists of a 
permeable curtain containing appropriate reactive materials, 
generally constructed to intercept the path of a contaminant 
plume (Rumer & Mitchell 1995). As the contaminated land 
water passes through the curtain, the contaminants are 
removed through chemical, physical, or biological 
processes. PRBs can also be installed down gradient of 
contaminant sources to prevent plumes from developing. 
Although permeable reactive walls are generally vertically 
oriented, horizontal applications have been considered for 
controlling the downward migration of contaminants.

PRBs may be used in low permeability strata when the 
local hydraulic gradient must be supplemented with another
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Table 21. Treatm ent technologies applied in perm eable reaction barriers

Treatment medium Target contaminants Technology status

zero valent iron halocarbons commercially applied

zero valent iron reducible metals (Crrt, U) field demonstration

limestone metals, acid waters in practice (mining)

precipitation agents 

(gypsum, hydroxyapatite)

metals laboratory] stidies

sorptive agents

(Fe hydroxide, GAC*, zeolites, coal)

metals and organics field demonstration and/or labstudies

reduction agents

(organic compost, dithionite, hydrogen sulfide)

reductive metals field studies

metal couples** halocarbons lab studies

biologic electron acceptors 

(ORC***, oxygen source, nitrate)

BTEX field experiments

*GAC: granulated activated carbons

♦"coupled oxidation o f  metal and reduction o f  halocarbon to produce chloride and Fe+2 in solution 

***ORC: oxygen release compound

driving force such as electroosmosis.
PRBs are comprised of a reactor system, which contains a 
porous reactive medium designed to treat the dissolved 
contaminants as the ground water flows through the PRB. 
The reactive media may be permanent or replenishable, 
depending on the nature of the site geochemistry, reaction 
mechanisms, contaminant loading, degree of contaminant 
reduction desired, and design lifetime of the PRB. Reactors 
may extend the full width of the contaminant plume (as in 
the case of a continuous wall barrier) or be combined 
(singly or in multiples) with low hydraulic conductivity 
barrier walls (funnel and gate elements).

PRBs can utilize a wide variety of reactive materials to 
effect contaminant removal. Removal mechanisms can be 
biotic or abiotic and include: sorption, precipitation, 
dehalogenation, oxidation-reduction, fixation, and physical 
transformation.

The basic elements affecting the design and 
construction of PRBs are:

1) selection of the proper treatment 
technology/medium,

2) system design protocol, including
- site characterization in advance of the design,
- design of the optional control system, when 

necessary,
- design of the reactor system,
3) emplacement/construction of the permeable reactive 

barrier, and
4) performance monitoring.
Table 21 presents an overview of various treatment 

media considered for PRBs, the target contaminants, and 
the current stage of development (i.e., laboratory study 
stage, field demonstration stage, etc.).

Funnel and gate PRBs (Smyth et al. 1994) utilize an 
impermeable barrier (funnel) placed in the path of the 
contaminated land water flow. The funnel shape guides the 
flow through the permeable reactive zone (gate). Types of 
impermeable barriers currently used in practice include 
slurry walls, sheet piles, or soil admixtures formed by soil 
mixing or jet grouting.

The funnel must be placed to sufficient depth and 
width to produce a zone of capture, which encompasses the 
entire plume and directs it through the permeable reactive 
gate. Keying the bottom of the funnel and gate into a lower 
aquifer is the typical concept considered.

A great amount of PRB work is being performed and 
the technology has been applied or proposed for a wide 
range of common ground water contaminants including 
metals, chlorocarbons, and petroleum hydrocarbons. The
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major conceptual advantage of the permeable reactive 
barrier relates to the potential for remedying contaminated 
land water more cost-effectively than with pump and treat 
systems.

PRBs are not yet considered a proven technology and a 
number of potential disadvantages and technical hurdles 
have been identified that will require further effort before 
the technology is applied routinely (Rumer & Mitchell
1995).

(2) Some case studies

(a) In situ Chemical Oxidative Decomposition Method 
(Hashizume 2001)
An oxidant (potassium permanganate, etc.) was directly 
injected into the polluted site by trichloroethylene (TCE). 
This decomposition method utilizes in situ chemical 
reactions in a very short time at a lower cost compared to 
the conventional pump & treat or soil vapor extraction 
method. The injected oxidant quickly reacts with 
contaminants and decomposes. TCE and oxidant react as 
follows:

C2HCl3+2KMn04 2C02+2Mn02+2KCl+HCl

Period o f oxidant injection
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0

j5

g  o.o

pr - r - r - r  j- t - .  0 7 1 1 1  » |  1 1 1 | 1 1 1 1 | 1 1 1 1 [ 1 1 1 1 |  1 1 1 1 |  1 

t

h  r w  h — O —  M W -l 

— £.—  MW -2 

— □ —  MW-3 

— • — RW-1
y

•

r k  *
•

— ■—  MW-5

Q
I i ■ p t y ,

I f f
I  v i —Ilk i a - . - ,  -

3/2

Date

After the reaction, TCE is decomposed into carbon 
dioxide and chloride ion and reduces no toxic intermediate 
product. Figure 46 shows the remediation site where was 
carried out with three injection wells, five monitoring wells, 
and a recovery well in a 5m x 8m area. The oxidant 
injection well was installed at the upstream site and 
transverse to the ground water flow. The monitoring wells 
were positioned parallel to the ground water flow so that 
injection and diffusion of the oxidant along the ground 
water flow can be grasped in detail. One monitoring well 
(MW-1) was placed at the upstream site and to understand 
natural changes in ground water composition as background 
data. The recovery well was operated to accelerate oxidant 
arrival and control diffusion of the oxidant. The pump up 
ground water was treated by an above ground stripper. The 
contaminants in the ground water were TCE (about 0.1 to 1 
mg/L) and cis-l,2-dichloroethylene (about 0.05 to 0.2 
mg/L)

Figure 47 shows changes of TCE concentration in 
ground water in the monitoring and recovery wells. TCE 
concentration in RW-1 and MW-3 and other monitoring 
wells before oxidant injection were about 1 mg/L, 0.8 mg/L, 
and 0.3 mg/L, respectively. TCE concentration decreased 
with time sequently from the monitoring well nearest to the 
injection wells and became to the undetective level after 
about one month of the injection. Cis-1,2-DCE also 
decreased to below the detection limit after one month. The 
injected oxidant was monitored during injection at outside 
of injection, and no oxidant was detected and so no 
effusion occurs.

(b) Reaction Barrier Well Method (Shibata, 2001)
In situ reductive decomposition method using reactive piles 
was applied to TCE contaminated site. According to 
exploring site characterization, TCE was detected in the 
shadowed area as shown in Figure 48. The ground profile 
composed of 2 m thick of alluvial clay layer (Ac layer), 4 
m thick of alluvial sand layer (As layer), and 4 m thick of 
alluvial silty layer (AS-m layer). The ground water table 
was 3 m below ground surface. The permeability of As 
layer was 10'2 cm/s and As-m layer was 10'5 cm/s. At the 
SO monitoring well, the concentration of TCE was 580mg/L 
at As-m layer. Cis-1,2-DCE was also distributed over

Figure 47. Concentration of TCE in ground water
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^  M ix in g  rea c tive  m a te r ia l

R eactive  m edia  was made b y  2 0%  o f  iro n  p o w d e r and  8 0 %  o f  agg rega te. G ra v e l w a s  used 

as aggregate fo r  A s  la ye r, and washed san d  was fo r  A s -m  layer. P e rm e a b ility  c o e f f ic ie n t  o f  

Ihe g ra ve l was 1 x  100cm /s and o f  the  w ashed sand w as t  x  1 0 '3cm /s .

^  Ex c av a t io n  b y  o v e r a l l  ca sin g  

T o  p r e se r v e  p e r m e a b i l it y , e x ca v a t io n  w it h  slu d g e  co u ld  not  used  and  o v e r a l l  c a s in g  w as 

ap p l ie d  lo  e x cava t e  so il  lo  p re se r v e  p e rm e ab il i t y

Trea t m en t  o f  s l im e

T o  p re se rv e  p e rm e ab i l it y  o f  r e a c t iv e  p ile , s l im e  accum u la t e d  in  c a s in g  t ub e  w er e  e x t r ac t e d  

t o st o rage  t ank  o n  t he g r o un d  b y  u sin g  san d -p u m p

F i l l i n g  o f  r e ac t iv e  m e d ia and  e x t r act in g  ca sin g  

Fr o m  t he dep t h  o f  G L -5 . 5 c m  to -10 .5 m ,  m ix t u r e  o f  ir o n  and  w ash ed  san d  w er e f i l l e d  as 

r e ac t iv e  m ed ia, w h ic h  has 1 x  10 * 3cm /s o f  p e r m e ab il i t y  c o e f f ic ie n t .  Fr o m  t he d ep t h  o f  G L -  

2 .0 m  t o -5 .5 m ,  a lso  m ix t u r e  o f  ir o n  and  g r a v e l,  w h ic h  has 1 x  10 * °cm /s o f  p e rm e ab i l it y  

co e f f ic ie n t , w ere  f i l l e d . G L -2 . 0  o r  ab o ve , w ashed  san d  w er e  used  as f i l l i n g  m at e r ia l .

+  Tr an sp o r t a t io n  and  t em p o r ar y  st o r ag e  o f  e x cav a t ed  so il  and  e x t r act ed  s l im e

Ex cav a t ed  so il  and  e x t ract ed  sl im e  w er e  ca r r ie d  c a r e f u l l y  b y  w at e r t ig h t  t r u ck s t o  p re ven t  

see in g  w at e r  leaked .

^  Tr e a t in g  w it h  q u ic k l im e  m ix in g  

Tr ea tm en t  o f  q u ic k l im e  m ix in g  m et ho d  w as co n d u c t ed  t o e x cav a t ed  so i l  an d  e x t r ac t e d  

sl im e . Tr eat m en t  f a c il i t ie s  w er e  com p o sed  o f  m ix in g  p it , h o o d  f o r  p r e v en t in g  sp read  o f  so i l  

and  q u ic k l im e  p ar t ic le s and  gas t reat m en t  e q u ip m en t .

+  T e m p o ra ry  storage o f  treated s o il

A f t e r  t reat m en t  w it h  q u ic k l im e ,  t reat ed  so il  w er e  t em p o r ar y  st o r ed . T o  p r even t  

v o la t i l iz a t io n  o f  s l ig h t ly  r em a in ed  co n t am in an t s d u r in g  st o r ag e , f le sh  a ir  d r aw n  t h r o ug h  t he 

so il  b y  v acu um  b lo w er .

D isp o sa l  to co n t r o l le d  la n d f i l l  sit e  

Ex am in a t io n  o f  t reat ed  so il s  b y  o f f ic ia l  p ro ced u r e  o f  m easu r in g  h azar d o u s co m p o u n d  at  

ce r t if ie d  m easu rem en t  b u sin e ss w ere co n d u ct ed  an d , af t er  c e r t if y in g  t o  c le a r  r e c e iv in g  

st an d ard , t he y w e re  t r ansp o r t ed  to co n t r o l le d  la n d f i l l  sit e .

Figure 49. Flow diagram of installation procedure

widely. The concentration of these contaminants at As layer 
was also above regulation level, but they were quite low 
compared to one of As-m layer.

Reactive piles were installed with20% of iron powder 
and 80% of gravel. Along with the permeability of each As 
and As-m layer, permeability of reactive media was 
adjusted to 100 times with as much as surrounding ground 
by changing aggregates. The diameters of reactive piles 
(750 and 550 mm) were determined to have enough 
residence time in piles to completely decompose VOCs. 
The intervals of the pile arrangement were also determined 
by calculation of predicting remediation effect. It was 
designed to decrease concentration of contaminants in 
ground water to 1/10 within 5 years at the middle between 
the piles. Figure 48 shows the outline of the installed 
reaction piles and monitoring wells. The flow diagram of 
installation procedure is shown in Figure 49.

After installing the reaction piles, sampling and 
analysis of ground water has been conducted periodically to 
certify the effect of remediation action. Figure 50 illustrates 
monitoring results of cis-l,2-DCE concentration in ground 
water at As-m layer. The notable effect of reaction piles has 
obtained for 6 months monitoring. The further and 
long-term observation is necessary to verify the prediction 
of future effect.

6.4 Illegal waste dumping Problem

Hanashima et al. (1996) reported a case of illegal dumping 
of industrial hazardous waste on a small island in Japan, 
which has been dubbed the Japanese version of the Love 
Canal Incident.

A large quantity of hazardous waste was illegally 
dumped on Teshima Island in the scenic Seto Inland Sea of

Japan. An industrial waste disposal company, which

collects car shredder dust and other wastes ostensibly for 
recycling, illegally dumped and burned approximately
460,000 m3 (510,000 tons) of the waste on a field. The 
profile of the ground and ground water levels are shown in 
Figure 51. The site investigation revealed more than 30 
hazardous substances as shown in Table 22. Toxic 
substances such as lead, PCB and dioxins were detected in 
the waste at high concentrations. These contaminants were 
also detected in the ground water beneath the waste. 
Environmental contamination caused by the waste has not 
been clearly detected. According to the direction of the 
ground water flow, however, it is highly possible that the 
toxic substances in the dumped waste have penetrated into

Date

Figure 50. M onitoring results in As-m layer
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Table 22. C ontents o f toxic chemical substances detected in Teshim a Island

C hem ical
Substances

Sam pling
Sites

D istribution o f content (m g/kg soil)

Less
than
0.1

0.1 ~  

1

1 ~  10 10
100

~  100 ~  
1000 o 

o
 

o 
o

 
o 

o
° 

I M ore
than
10000

M aximum
C ontent

C adm ium , Cd 19 12 7 87

Lead, Pb 19 1 5 12 1 14000

A rsen ic , As 19 1 10 7 1 100

M ercury, Hg 19 1 6 12 4.3

PCB 19 1 11 7 58

N ickel, Ni 19 3 16 440

C opper, Cu 19 3 13 3 49000

Zinc, Zn 19 2 14 3 31000

D ioxins 22 2 9 10 1 39

Note: U nit o f D ioxins is ng-TE Q /g soil

Figure 51. Profile of ground and groundwater on 
Teshima Island

the marine environment.

This incident brought public attention to the prefectural 
administration's negligence, inadequate legislation, and the 
insufficient processing capability of the industrial waste 
disposal company. The above incident also highlighted the 
various problems involved in waste disposal especially cost 
of remediation and construction of industrial waste 
treatment plant or final disposal site. The local residents 
demanded the removal of the illegally dumped waste, and 
official justification gave momentum in resolving similar 
cases (as the above one) through the environmental 
pollution arbitration system.

6.5 Dioxin Problems

Dioxin (in particular 2,3,7,8-tetrachloro-dibebzo-dioxin 
(TCDD)) is one of the most toxic and harmful pollutants 
produced artificially into environment. Dioxin as a group of

chloro-organic compounds is a by-product of many 
incinerators and also generates during natural disasters such 
as volcano eruption and forest burns: any incineration of 
organics in combination with chlorine is a potential way to 
generate dioxin. Dioxin originating from incinerator ash is 
almost immobile, no bio-degradation, and no water 
solubility. If dioxin is associated with oil, it is much more 
likely to distribute into the ground water.

Although dioxins are not considered as a typical soil 
contaminant, there are a number of cases where it is found 
with several other contaminants, e.g. high concentrations of 
PCB, etc. Based on the contamination of air, water, and soil 
in Japan, the “Law concerning special measures against 
dioxins” was enforced since December 2000. The law sets 
soil environment standards on dioxins at lOOOpg-TEQ/g 
dry-soil. The German Federal Soil Protection Act is 
distinguishing four cases:

1) Children-playground— lOOpg-TEQ/g
2) Housing area -  lOOOpg-TEQ/g
3) Parks and recreational areas -  lOOOpg-TEQ/g
4) Industrial areas — lOng-TEQ/g
The German law requires soil polluters and landowners 

to take precautions against risks to the soil and to clean up 
pollution. The remediation techniques for an appropriate 
treatment of dioxin-contaminated soils are two principal 
ways: (a) Off-site treatment and (b) on-site treatment (Ried,
2001).

Off-site treatment means the removal by excavation 
and treating it remotely. Remote treatment of dioxins can 
be

1) thermal, or solvent reduction
2) removal by a physico-chemical process
3) destroying dioxin by incinerating or vitrificating the 

contaminated soil
4) storage of the contaminated soil in a safe place.
Gas-phase thermal reduction is pretreated in a 600°C

thermal desorption unit prior to injection into the gas-phase 
thermal reduction chamber at 900°C.

Solvent Extraction called B.E.S.T (Basic Extractive 
Sludge Treatment) uses triethylamine to extract the 
contaminants. A sequential extraction process was used 
with 6 extractions.

Physico-chemical process means the methods to 
degrade dioxin via dehalogenation. After excavating, 
screening and crushing the contaminated soil, it is mixed 
with sodium bicarbonate and heated in the Base Catalyzed 
Decomposition (BCD). Another process is the 
gycolate/alkaline polyethylene glycol (APEG) technology. 
APEG and contaminated soil are mixed and heated, and as 
a result, less toxic compounds such as glycol ether produce 
after dehalogenation. Thermal treatments with a special 
plant are applied in the cases of high dioxin contamination

Idi Shredder dust
Slag

£ a , , , Incinaratcd ash
_ Br Clav
>

.O Be Sand
1 b .  < Gravel
■a F - - Clav

3 ?, Sand
_ Gravel
> — Clav
— 3 Ac 1 Sand

Ü E M Heavilv decom posed
s ■  < m Decomposed

o Ü . G ;  ■ Intact

T .P . (m )  

35  

3 0  

2 5  

20 
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5 

0 
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Table 23. Results from bench-scale tests of dioxin-contaminated soils (Hosomi et al. 2000)

Process 2 ,3,7,8-TC D D  (pptr) Total TCD D  (pptr)

Feed Product E fficiency (% ) Feed Product E fficiency (%)

G as-Phase T herm al R eduction 159 -1301 99.7 - 5 0 ' 37.3 - 61.5 193 - 130' 144 - 5 0 ' 2 5 .4 -6 1 .5

Solvent E xtraction  (B .E .S.T ) 1 1 9 -2 1 7 ' 16.5 - 15 ' 86.1 -9 3 .1 136 - 276 ' 21.3 - 15' 84.3 - 94.6

B ased-C atalyzed D echlorination  1 268“ - 6 7 .5 ' <1.92 - <0.996 ' >99.3 - >98.5 3094- 83 .7 ' <11.1 - <0.301 ' >96.4 - >99.6

B ased-C atalyzed  D echlorination  2 268 - 67 .5 ' <33.1 - 11.0' >87.7 - >83.7 309 - 83 .7 ' <47.8 - <11.0 ' >84.5 - >86.9

Incineration 18.5 < 0.612 >96.7 252 <1.22 >99.5

NB) 1 : A nalysis perform ed by technology developer
2 : Not detected , reported as analysis detection lim it
3 : %  effic iency = (Feed Con. -  Product Cone)* 100/Feed Cone.

4 : A verage o f  2 sam ples.

Table 24. Results of the treatment of dioxin contaminated soil by BCD process (pg/g)

C hem icals in treated soil
T reated al 350 degree o f C Treated at 400 degree o f  C

Soil C ondensate X A D -2 Soil C ondensate XAD-2

2378-TC D F 21000 20 2400 730 0.58 3400 1400

12378-PeC D F 7700 6.1 370 150 0.11 480 190

23478-PeC D F 6900 4.0 380 110 0.11 490 140

123478-H xC D F 6100 1.9 190 40 less than 0.13 180 62

123678-H xC D F 1300 0.46 48 10 less than 0.12 49 15

234678-H xC D F 570 0.21 17 4.2 less than 

0 .082

24 6.4

123789-H xC D F 140 0.25 1.6 0.3 less than 

0.063

21 0.59

1234678-H pC D F 1400 0.57 21 4.3 less than 0.17 22 7.3

1234789-H pC D F 760 less than 0.14 3.4 0.73 less than 0.21 3.9 1.5

O CD F 3300 0.69 3.7 0.42 0.58 4.9 1.0

TEQ value 6800 4.7 480 140 0.22 640 230

and significant volume of soil. Special attention is needed 
to avoid the generation of other toxic organics or dioxins 
during the process of thermal treatment.

Efficiency results by the bench-scale tests are listed in 
Table 23. For the above-mentioned treatment technologies, 
the based-catalyzed dechlorination and incineration are the 
most efficient in destroying or reducing dioxins to below 
detection limits.

On-site treatment normally means full containment of 
the contaminated area by a lining system. This prevents the 
migration of contaminants and the exchange with other 
parts of the environment. The dioxin and PCB 
contaminated soils have been mostly treated by cement and 
disposed in landfill in Japan. Therefore, the landfill sites 
should be maintained safe for a long-term and the 
environmental impact should be monitored. Hosomi et al.
(2000) reported BCD technology to treat and to decompose 
dioxin and PCB contaminated soils as follows:

The BCD process for dioxin contaminated soil consists 
of the desorption in a soil reactor (300-400 degree of C) 
system and the decomposition in liquid-liquid phase reactor 
system. After excavation of dioxin and PCB contaminated 
soil it was mixed with NaHCOj. The mixture was heated to 
300-350 degree of C in a heated soil reactor, where dioxins 
were recovered as liquid condensate together with vapor 
and volatile organic substances. Two run treated at 350 
and 400 degree of C were performed as shown in Table 24. 
The most dramatic reduction was noticed for the 
2,3,7,8-tetra CDF and 2,3,4,7,8-penta CDF. The treated soil 
was found to contain 4.7 pgTEQ/g (350 degree of C) or 
0.22 pgTEQ/g (400 degree of C). This is far below the 
environmental standard value for dioxin. The degradation 
was 99.93 and 99.997 %, which is remarkably high 
reduction.

Although a considerable number of successful clean up 
projects have been carried out, there is still a concerning 
number that have not met requirements even after the 
expenditure of a considerable amount of time and money 
(Clark, 1998b). We needs to be a more realistic balance 
between targets clean up criteria, and what the available 
technology can achieve at the present time.

5. CONCLUSIONS

Recent development in the environmental geotechnics was 
reviewed, focusing on waste management, reuse of waste 
and remediation of polluted soils. Our responsibilities are 
discussed in regards to the proper waste management 
technology for a better environment and the methodology 
of cleaning up the contaminated sites to avoid the severe 
environmental risk.

Proper waste disposal landfills and the environmental 
impact of hazardous substances in waste landfills were 
investigated. Many remediation techniques are available in 
a carefully controlled operation system. However, waste 
contamination can still be a daunting problem from 
technical and regulatory standpoints. Agencies at various 
levels, working together with the industries and the public, 
have made progress in developing regulatory and technical 
approaches to cleaning up heavily contaminated sites and to 
identify sites that require '  urgent action. No single 
regulatory or technical approach will work in all situations. 
Increasing recognition of the problem by various 
authorities, and with additional resources and new 
approaches being applied on all fronts, we appear to be on 
the way in reducing the environmental impact of hazardous 
waste disposal.
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Many technical methods for these waste management 
and remediation for the contaminated sites have been 
successfully developed. However, landfilling of municipal, 
industrial, and hazardous wastes is probably a temporary 
solution. In the future, these wastes will likely be reduced, 
recycled, incinerated, vitrified, or chemically stabilized. 
Geotechnical engineers will have less and less to do with 
these wastes as mechanical and chemical engineers develop 
alternative solution.

Therefore, to reorient society towards sustainable 
development, we geotechnical engineers must contribute to 
establish the technology of environmental impact 
evaluation, risk management relating site characterization 
and the remediation target (in particular, clean up level), 
more effective in situ remediation, and economic concerns.
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