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In the wake of the Great Tohoku earthquake and tsunami, which resulted in significant damage to the Fuku-
shima Daiichi nuclear power station, considerable radioactive discharge and deposition occurred. Popula-
tions were evacuated from the zones that received the most deposition and overarching “Special Measures”
laws established the Ministry of the Environment (MOE) as the department responsible for decontamination
to remediate the environment.

Major challenges to implementing full-scale environmental decontamination were the absence of real-world
examples and also lack of experience in planning and implementing decontamination technology appropriate
to the physical and social boundary conditions in both Japan and Fukushima.

The Japan Atomic Energy Agency (JAEA) was thus charged with conducting a range of “Decontamination
Pilot Project” to examine the applicability of decontamination technologies, with a special focus on reducing
dose rates and thus allowing evacuees to return to re-establish their normal lifestyles as quickly as possible,
whilst simultaneously maintaining worker safety.

The Decontamination Pilot Project was implemented at 16 sites in 11 municipalities within the evacuated
zone, including locations that received the highest deposition. Despite tight boundary conditions in terms of
timescale and resources, the Decontamination Pilot Project provides a good basis for developing recommen-
dations on how to assure decontamination efficiency and worker safety whilst additionally constraining costs,
subsequent waste management and environmental impacts. The Decontamination Pilot Project has thus
played a key role in the drafting of guidelines and manuals that are currently being used as a source of
reference by the national government, local municipalities and the contractors performing regional decon-
tamination.

Part 1 of this report summarises the Decontamination Pilot Project, providing the background required to put
this work in context for an international audience. In Part 2, the subsequent application of output from this
project to regional remediation now being conducted by the MOE and municipalities, is discussed, along
with a status update on such work (including radioactivity monitoring), an overview of associated JAEA’s
R&D and international input to / review of regional environmental decontamination in Fukushima.
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福島第一原子力発電所事故後の環境修復の取り組み：概要、分析および教訓

その 1：JAEA「除染モデル実証事業」報告

日本原子力研究開発機構 福島研究開発部門 福島環境安全センター

（2014 年 12 月 3 日 受理）

東日本大震災に伴う東京電力福島第一原子力発電所事故により、大量の放射性物質が発電所敷地

内外を汚染させ、多数の人々が避難生活を余儀なくされている。事故後、除染に関する「放射性

物質汚染対処特別措置法」が成立し、この法律に基づいて環境省および自治体主導の大規模な環

境除染が進行中である。

そのような広域の環境の除染はこれまで世界的に例がない。むろん、日本そして福島に特有の地

形的・社会的条件下における除染の計画や実施の経験はない。避難者の帰還・生活の再興を促す

ためには線量を低減させる必要があり、環境除染の技術の早急な実証を迫られた。

日本原子力研究開発機構は内閣府より「除染モデル実証事業」を受託し、避難区域内の 11 市町

村 16 か所の試験対象エリアにおいて、除染技術の適用性、発生する廃棄物の管理、作業員の安

全確保策など広域環境除染に関する広範な試験を行った。限られた時間および人的資源の下で行

われたにも関わらず、この大規模なモデル事業は、個々の除染技術の適用性や効果について詳細

で現実的なデータを得たのみならず、除染作業員の安全確保、コストの制約、発生する除染物の

取扱いなど、広域除染に関するさまざまな情報を総合した知識基盤を提供することとなった。実

際このモデル実証事業の成果は、現在環境省と自治体が進めている広域環境除染のためのガイド

ラインやマニュアルに反映されている。

除染モデル実証事業の結果については、事業終了後に詳細な報告書として政府に提出されている。

一方、本レポートは諸外国の専門家を読者と想定して書かれたものであり、除染モデル実証事業

の概要をその 1 に、また除染モデル実証事業で得られた成果の広域除染に対する反映、モデル実

証事業終了後の継続的な線量測定などフォローアップの結果、日本原子力研究開発機構が関わっ

た除染技術開発、広域除染の現況、および福島における除染に関する国際的な議論などをその 2
にとりまとめた。
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PREFACE

In the wake of the Great East Japan earthquake and tsunami, which resulted in significant damage to
the Fukushima Daiichi nuclear power station, considerable radioactive contamination occurred, both on-
and off-site. Populations were evacuated from the most contaminated zones and overarching “Special
Measures” laws established the Ministry of the Environment as the department responsible for decon-
tamination of the evacuated areas (with radiocaesium the main concern after decay of shorter-lived
isotopes). Major challenges to implementing full-scale decontamination were the absence of real-world
examples (most previous radiocaesium releases to the environment have undergone natural self-clean-
ing processes only) and also lack of experience in planning and implementing decontamination technol-
ogy appropriate to Japanese boundary conditions.

JAEA was thus charged with conducting a “Decontamination Pilot Project” to examine the applicability
of decontamination technologies within the evacuated zones, with a special focus on reducing dose
rates and thus allowing evacuees to return and re-establish their normal lifestyles as quickly as possible,
whilst simultaneously maintaining worker safety.

The Decontamination Pilot Project was implemented at 16 sites in 11 municipalities within the evacuated
zone, including highly contaminated locations. Despite tight boundary conditions in terms of timescale
and resources, the Decontamination Pilot Project provides a good basis for developing recommenda-
tions on how to assure decontamination efficiency and worker safety whilst additionally constraining
costs, subsequent waste management and environmental impacts. The Decontamination Pilot Project
has thus played a key role in the drafting of guidelines and manuals that are currently being used as a
source of reference by the national government, local municipalities and the contractors performing
regional decontamination.

Part 1 of this report summarises the Decontamination Pilot Project, providing the background required
to put this work in context for an international audience. In Part 2, the subsequent application of output
from these projects to regional remediation is discussed, along with a status update on such work (in-
cluding radioactivity monitoring), an overview of associated R&D and international input to / review of
this work.

- � -
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1 Introduction
This English language report is not a translation of the Japanese summary of the Decontamination Pilot
Project, which is a much more extensive document1). Rather, this report is a special overview prepared
for an international audience, providing more background to the projects, highlighting the main experi-
ence gained and discussing how they will be used to pave the way for possible future regional decon-
tamination.

From the outset it should be clear that this report summarises initial actions taken to recover from a
globally unprecedented accident that went beyond all expected scenarios, even for a country like Japan
with an internationally recognised infrastructure for natural hazard management. Under such conditions,
it is important to focus on determining, in an objective manner, what lessons can be learned from work
carried out to date and what could be improved upon in the future. This work forms the basis for the
guidelines for the much larger programme of regional decontamination, which involves a massive in-
vestment of human and financial resources. Efficiency of the regional decontamination programme will
be critical in order to assure the effectiveness of the decontamination work, acceptance by the local
population and the safety of the large number of workers who will be involved.

Although primarily focused on supporting work in Japan since the incident at Fukushima Daiichi, it is
evident that international interest in such decontamination has increased noticeably. This is associated
both with re-evaluations of the pros and cons of nuclear power and more pragmatic concerns about
possible health risks by foreign tourists and consumers of Japanese foodstuffs. This report thus also
forms an information source for this purpose. It is complemented by an assessment of lessons learned
in the context of other international decontamination studies, which provides input for more general
guidelines that could be appropriate to decontamination, not only after possible future accidents, but
also of the legacy contaminated sites that are found around the world.

1.1 Background
The chronology of the Tokyo Electric Power Company (TEPCO) Fukushima Daiichi (FDI) nuclear power
station incident is described in detail elsewhere, e.g. (2), but a brief summary of events leading up to
the Decontamination Pilot Project now follows. On 11th March 2011, three operating reactors (units 1-3)
shut down automatically, as designed, when the magnitude 9.0 (Richter) Great East Japan earthquake
occurred; the other three reactors on site (units 4-6) were already shut down for routine maintenance.
Complete loss of site power, predominantly due to the subsequent tsunami, led to loss of cooling and
serious temperature excursions in units 1-3 and the fuel storage ponds associated with these units and
also with unit 4.

The response to this situation was greatly constrained by the regional devastation caused by the largest
earthquake and tsunami experienced in Japan in the nuclear age, which knocked out local power,
transport and communication infrastructure, but also diverted emergency response teams to the huge
number of human and industrial emergencies that were occurring at the time throughout Northeast Ja-
pan. Nevertheless, the seriousness of the situation was communicated to regional and national govern-
ment, resulting in a series of steps to establish radiological health protection (evacuation from nearest
areas, issue of iodine tablets, restriction of some foodstuffs), while on-site teams fought to cool critical
facilities.

Despite the best efforts of on-site staff, it was required to vent reactor containment as pressure built up
due to fuel overheating and eventual melting. This involved the release of gaseous and volatile radio-
nuclides into the atmosphere (Table 1). Additionally, efforts to cool reactors and storage ponds led to
run-off of contaminated water. Hydrogen, resulting from reaction mainly of fuel cladding material with
water, caused destructive explosions in units 1, 3 and 4, which distributed contaminated debris around
the site.

From the perspective of regional decontamination, the critical features of this incident are:

the inventory of radionuclides released in gaseous or volatile form as a function of time; and

- � -
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meteorological conditions at the time of release, determining plume dispersion by wind and
precipitation events (rain, snow) that could increase the rate of fallout (assumed to include
washout) of atmospheric radioactivity.

Table 1: Estimated inventory of radioactive materials released into the air and the ocean due to the accident at the FDI
nuclear power station3)

Radionuclide Atmosphere (Bq) Ocean (Bq) Total Release (Bq)

Noble gases 5.0 x 1017 - 5.0 x 1017

Iodine-131 (131I) 5.0 x 1017 1.1 x 1016 5.1 x 1017

Caesium-134 (134Cs) 1.0 x 1016 3.5 x 1015 1.4 x 1016

Caesium-137 (137Cs) 1.0 x 1016 3.6 x 1015 1.4 x 1016

From such information, it was possible to demonstrate that a large proportion of fallout occurred over
the Pacific Ocean4), where dilution and dispersion processes would rapidly reduce its radiological sig-
nificance. Although a pre-existing radiological monitoring network was established in Japan, coverage
was reduced by damage caused by the earthquake and tsunami and hence this was complemented by
specially run aerial and ground surveys to map distribution of radioactivity on land, e.g., (5-8). Ideally,
the atmospheric dispersal code SPEEDI9) would be used to predict distribution of radioactive fallout on
land but, in the absence of sufficiently detailed release inventories and loss of monitoring stations, maps
were compiled from regional aircraft monitoring (e.g., Figure 1-1 shows the estimated total radiocaesium
deposition within an 80 km radius of the FDI NPS). Animations of the distribution of fallout activity, which
put the distribution of radioactive contamination in perspective, are now available on a number of web-
sites (e.g., 10).

For the sake of completeness, it can be noted that it is possible that, in some coastal locations, transfer
from sea to land could also be a contamination vector while, in the vicinity of the site, transfer by ground-
water or dust may occur from land to sea. In terms of inventory of radioactivity involved and area of land
affected, these would be minor in comparison to atmospheric fallout. Nevertheless, due to the wider
spectrum of radionuclides contained in water used to cool the reactors, direct run-off to sea is an issue
for the coastal marine environment.

Apart from radioactive noble gases, which are generally short-lived and disperse without any environ-
mental or human concentration mechanisms and are hence of little radiological significance, atmos-
pheric releases were dominated by volatile fission products (predominantly isotopes of iodine (I), cae-
sium (Cs), tellurium (Te) and, to a lesser extent, silver (Ag)). Of these, the initial focus was on radioiodine
– particularly the relatively longer lived 131I (half-life 8 days) – due to the potential for concentration in
both foodstuffs and the human thyroid. After a few months, however, iodine isotopes had decayed to
insignificance and the focus of the radiological assessment and associated decontamination is thus on
137Cs and 134Cs (half-lives 30 and 2 years, respectively). Nevertheless, in some locations, the presence
of 129mTe and, possibly, 110mAg (half-lives 32 and 252 days, respectively) was considered12); however,
by now any 129mTe that was present will have decayed to insignificance.

The evacuation areas were originally based on linear distance from the reactor site (eventually set at
20 km), which established a “restricted area”. Based on measurements of actual fallout levels, this was
extended to a “deliberate evacuation area” to the northwest (Figure 1-213)).

For about the first 6 months, implementation of an integrated decontamination plan was constrained by
the requirement to fully stabilise the damaged reactors (limited by the rate of decrease of decay heat)
to reduce the risk of further releases of radioactivity, but also by the time required to establish required
legal structures for actions that were beyond anything covered in previous regulations to cover disaster
management. Nevertheless, this period was utilised to carry out decontamination activities outside the
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evacuation zones. Local “hotspots” or areas of high sensitivity (e.g. schools) were identified where im-
mediate ad hoc actions were taken to reduce potential doses – predominantly by local groups coordi-
nated at a community or municipality level, with technical support provided by government ministries or
specialist organisations like JAEA.

Initial ad hoc clean-up actions focused very much on reduction of external exposure doses to vulnera-
ble groups – in particular babies and children. This predominantly involved removal of surface soil lay-
ers from playgrounds and in the vicinity of nurseries, kindergartens and schools, washing roofs and
walls of such buildings and focused cleaning of hotspots (e.g. drains, vegetation) identified using sim-

Figure 1-1: Estimated release of radiocaesium and its distribution within a 80-km radius of the
Fukushima Daiichi NPS shortly after the accident

This map was compiled from regional aircraft radiation monitoring data (42 flights in total) that took
place between the 6th and 29th April 201111).
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ple dosimeters. The first integrated decontamination projects were carried out at two sites that com-
bined a range of buildings and different types of land use, located in the Date City and Minamisoma
City.

Such work, which ran in parallel to first formal planning of regional decontamination, was reviewed by
an IAEA team who reported positively on progress and made useful recommendations for future ac-
tions14).

1.2 National policy for environmental decontamination
In a highly developed country like Japan, mobilising and coordinating the huge resources required to
implement regional decontamination is an extremely complicated undertaking, involving collaboration

Figure 1-2: Map illustrating the restricted area, the deliberate evacuation area and the areas that were prepared for
evacuation in the event of a further emergency13)
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between many different ministries and their supporting agencies. This has to be done within an estab-
lished regulatory structure and budget framework, or special dispensations have to be defined – which
may need new or modified laws. Due to its geological setting and vulnerability to tectonic and volcanic
activity, natural hazard management is generally well established in Japan, with the necessary admin-
istrative infrastructure in place to allow rapid mobilisation of responses to natural catastrophes. Unfor-
tunately, the Great East Japan earthquake and tsunami caused devastation on a scale not seen since
industrialisation in Japan and lay at the upper extreme of envisaged catastrophe scenarios. The combi-
nation of these events with a nuclear accident that was also at the extreme limit of imagined scenarios,
resulted in a situation far beyond anything covered by existing disaster plans.

Immediate responses were sufficient to provide public health protection, but a new legal infrastructure
was required in order to provide a basis for regional decontamination. As noted above, such implemen-
tation was, in any case, constrained by the time taken to stabilise the damaged FDI units and did not
prevent local actions being taken by individual communities, municipalities and ministries. Pragmatically,
policy and guidelines to allow for testing and development of decontamination technology were pub-
lished by METI (Ministry of Economy Trade and Industry) in August 201115,16), allowing the Cabinet
Office to place a contract with JAEA to initiate such work, focused on 2 locations with significant con-
tamination that lay outside the evacuated area.

The overarching “Special Measures” laws to manage radioactive contamination from this incident and
establish an overall policy for decontamination were promulgated on 30th August and 11th November
2011 (Box 1). The Japanese Cabinet Office selected JAEA to coordinate development of the technical
basis for establishing a regional decontamination plan and provided a budget to allow a range of decon-
tamination projects to be carried out in order to extend the initial test studies and examine their applica-
bility to the higher levels of contamination within the evacuated zone. This work is summarised in Chap-
ters 2 and 3 of this report. These laws and associated guidelines also formed the basis for funding of
the first stage of regional decontamination that started in Financial Year 2012 (from April 2012), associ-
ated oversight and regulation of activities and the practicalities of implementation – including transport
and storage of resulting waste and ensuring safety of the workers involved. Importantly, the requirement
to involve the municipalities, communities and individuals involved in decisions that affect their living
environment after they can safely return is legally established – which sets an important boundary con-
dition for all such work.

1.3 Objectives of the Decontamination Pilot Project
It is important to realise that decontamination of areas contaminated by radiation from FDI is established
on the ethical basis of fairness; the communities involved should not be subject to a perceived detriment
resulting from a national policy of nuclear power generation and a failure, in some form, of the associated
regulatory infrastructure. Although original evacuation was driven by concerns about safety22), decay of
the most hazardous short-lived isotopes and a certain degree of “natural cleaning” of longer-lived con-
taminants has reduced radiological health hazards considerably23,24).

Radiation is simple to measure and the increase in the natural background due to the presence of radi-
ocaesium is easy to demonstrate. Whether such an increase is a hazard to health or not is, however, a
much harder question to answer. In Japan, the total radiation dose (before the accident) was about 3.8
mSv y-1 (~0.5 μSv h-1) on average25) of which 3.4 mSv y-1 resulted from external radiation26). This natural
background varies considerably, mainly as a result of local geology and altitude, but also lifestyle and
diet. The contaminated areas within the evacuated zones clearly have radiation levels well above back-
ground and can be classified in terms of the external radiation dose rates measured (Figure 1-327), map
early August 2011, at the time when the decontamination projects were being planned).

Although different methods of measuring concentrations of radionuclides or the resultant radiation dose
have various associated uncertainties, such maps are sufficient for identifying areas with different levels
of contamination. It must be recognised, however, that although Cs is usually taken up strongly onto
clays28), the situation is dynamic and many processes may cause mobilisation and redistribution of ra-
dioactivity associated with particulates, including:

rainfall and wind; particularly during extreme events such as typhoons that have hit this region
since March 2011;
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biological activity; involving uptake into animals and growing plants, loss in fallen fruit and foli-
age, redistribution in soil by burrowing organisms etc.; and

human activities; such as normal household cleaning operations and ploughing, planting and
harvesting of fields.

In addition to the distribution of radioactivity, further important constraints for planning decontamination
are topography, land use, the concerns of evacuated residents and further complications in some areas
due to tsunami damage and debris.

The evacuated zone is quite typical of Northeast Japan, comprising a narrow coastal plain and valleys
leading into a spine of densely wooded mountains. Along the coast and on the plain, population density
is relatively high, with agriculture and aquaculture / fisheries being important components of the local
economy (although the latter was heavily damaged by the tsunami). In the more mountainous areas,
the population is mainly confined to narrow valleys although, even here, agriculture is important, local
produce is highly prized and tourism is also important in both summer and winter.

Box 1 Regulatory Infrastructure

1. Act on Special Measures Concerning the Handling of Environment Pollution by Radi-
oactive Materials Discharged by the Nuclear Power Station Accident Associated with
the Tohoku District – Off the Pacific Ocean Earthquake that Occurred on March 11,
201117)

This aim of this act is to reduce the impact of environmental pollution by radioactive materials on the
human health and the living environment; establishing measures to be taken by the State, local
governments, and nuclear stakeholders, etc.

2. Act on Special Measures Concerning Treatment of Disaster Waste Caused by the
Great East Japan Earthquake18)

This act provides special measures by the State for disaster waste treatment on behalf of damaged
municipalities and to reduce the impact of wastes.

Associated guidelines from the responsible ministries are:

Ministry of the Environment

Decontamination Guidelines19)

According to the first Act, concerned municipalities shall set the long-term goal for additional expo-
sure dose to be less than 1 mSv y-1, and carry out decontamination operations in the following steps:

Step 1: Site characterisation and decontamination plan development

Step 2: Selection of decontamination methodologies according to the decontamination working plan

Step 3: Collection, transportation, and storage of removed waste generated by decontamination op-
erations

Guidelines for Waste20)

These guidelines were established for those involved in waste treatment. It includes guidelines for
utilising the existing system and facilities as much as possible, based on the current “Law Concerning
Waste Treatment and Scavenging” and for ensuring safety during contaminated waste treatment
operations.

Ministry of Health, Labour and Welfare

Guidelines on Prevention of Radiation Hazards for Workers Engaged in Decontami-
nation Works21)

These complement the provisions in the conventional “Industrial Safety and Health Act” and the
“Ordinance on Prevention of Ionizing Radiation Hazards by Decontamination Operations of Soil etc.,
which are Contaminated with Radioactive Materials Caused by the Great East Japan Earthquake”.
The guidelines are applied to those involved in decontamination operations in areas prescribed in
the “Pollution Control Special Measures Law”.
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The majority of the region has a humid, temperate climate, with extensive rainfall during the summer
typhoon season and significant falls of snow in the mountains during winter. An overview of the geo-
graphical characteristics of the region and immediate surroundings along with some representative pho-
tographs is provided in Tourism Information of Fukushima Prefecture29).

Figure 1-3: Air dose rate monitoring by MEXT, August 201127)

In terms of implementing the Decontamination Pilot Project, the requirement for agreement at the mu-
nicipality, community and individual level necessitated intensive prior communication efforts to educate
all those involved in the issues associated with radioactive contamination so that they could be actively
involved in decision-making. This was far from straightforward in many cases, where residents had been
displaced to other parts of Japan due to the combination of contamination and tsunami damage. Hence
obtaining consent from individuals to work on their property for the Decontamination Pilot Project was a
logistical challenge.

Although not explicitly required by the legislation described above, those involved in planning decon-
tamination are well aware of the high level of concern about this incident – not only throughout Japan
but also internationally. It is thus recognised that information about the work being carried out must be
widely disseminated and, indeed, this English language report is part of this process. This will be cou-
pled to use of a wide range of modern media to keep audiences throughout Japan informed of progress
and also involvement of international organisations – particularly the IAEA – to provide independent
assessments of progress in order to build international credibility30). These activities respond not only to
a moral imperative, but also the practical requirement to re-establish the reputation that forms the basis
for tourism and a thriving agricultural / fisheries industry.
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Background
Prior to initiation of a major regional decontamination programme, it was recognised as prudent to test
the approaches and technology available, to determine the effectiveness of different options and provide
the technical basis for optimisation with respect to the goals outlined in the previous section. As noted
above, in August 2011 JAEA received a first mandate to initiate testing of monitoring and decontamina-
tion technology at 2 locations, although even before this JAEA had been providing technical assistance
for ad hoc decontamination actions and investigating possible sources of relevant international experi-
ence (for more detail see the IAEA Mission Report14)).

There is a clear dichotomy between the desire to remediate contaminated areas as quickly as possible
and that to ensure that the work is done as efficiently and safely as possible. Although clearly a com-
promise, the chosen approach provided a pragmatic form of stepwise implementation.

a) Ad hoc activities and work at 2 initial test sites allowed a first test of existing and modified tech-
niques for contamination mapping and characterisation, decontamination of different structures
and land areas, assessing effectiveness in terms of dose reduction and waste handling / storage.
This was undertaken outside the evacuated zones, where dose rates were lower and logistics
were easier, by teams including nuclear specialists from JAEA.

b) Experience from (a) was used to plan and coordinate the larger scale Decontamination Pilot
Project, which was carried out within the evacuated zones by general contractors. Here, a wider
range of technologies were tested, with the aim of determining the key characteristics of the
tools and methods that could be included in the regional decontamination toolkit. It was intended,
wherever possible, to determine quantitative features that allow trade-offs between different
approaches to be determined – for example efficiency of decontamination, time required, costs
and special equipment / specialist manpower needs, operational safety, environmental impact,
waste management requirements and public acceptance.

c) From the experience gained in (a) and (b), as summarised in this report, plans for the regional
decontamination were developed. It is recognised that, despite the preparations involved, it is
not feasible to immediately implement a fully optimised programme, so mechanisms have to be
put in place for continuous appraisal and feedback to allow a stepwise improvement of efficiency
as further experience is gained.

Goals of dose reduction
Although increased external gamma doses are only a component of the impact of radiocaesium con-
tamination and the practical level to which this can be reduced without inordinate use of resources is
limited, the goals for dose reduction during the Decontamination Pilot Project are defined in terms of
this parameter:

below 20 mSv y-1 for highly contaminated areas (> 50 mSv y-1);

below 5 mSv y-1 for less contaminated areas (20-50 mSv y-1); and

below 1 mSv y-1 for the least contaminated areas (5-20 mSv y-1).

Derivation of such goals is highly political and hence the result is not very logical and places great
challenges for the least contaminated areas (decontamination factors up to 20 and end dose levels that
are within the natural background variation), marked discontinuities of goals around the cut-off levels
(20 & 50 mSv y-1) and a low target for areas just above 50 mSv y-1 (such reduction would be achieved
within a couple of years by decay of 134Cs alone). It should be noted here that the targets for dose
reduction were suggested by government officers to JAEA for test projects only and were not intended
by JAEA to be set as targets for the general decontamination programme.

Quantification of dose reduction is based on simple measurements of external gamma dose before and
after decontamination, combined with a simple model that relates such reductions to dose to exposed
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populations living at the site involved1. With such an emphasis on external dose, which may be consid-
ered reasonable for radiocaesium compared to other more biologically active isotopes with higher radi-
otoxicity, the effect of decontamination can be determined by a measure of the local contamination (to
assign it to one of the 3 classes above) and a simple decontamination factor that quantifies the ratio of
initial to final measured dose. Apart from decontamination technology as such, the supporting method-
ology and toolkit for measuring the distribution of radiocaesium contamination was also a component of
the Decontamination Pilot Project.

Particular issues that need to be highlighted include the difficulties of rigorously assigning any reason-
ably large area to a specific contamination level (due to the commonly observed heterogeneity, including
presence of hotspots) and the fact that many measurements show variations in time, probably reflecting
redistribution between different physical and biological reservoirs as a result of unrelated human actions,
biological activity or weather conditions (e.g. rainfall, fall of foliage in autumn).

In the Decontamination Pilot Project, a wide range of different approaches were used in areas with
different types and levels of contamination. Of course, although of key importance, the extent of decon-
tamination alone is not sufficient to determine the effectiveness of the technology being tested. Further
aspects that required particular consideration included:

the volume and type of waste produced and its requirements for pre-treatment / conditioning
prior to handling, transportation and storage;

adopted waste management approach (volume reduction, packaging, temporary storage), in-
cluding the design and construction of required facilities, safety assessment, monitoring and
expected longevity of structures;

assessment of constraints set by regulatory limitations on movement of materials within / be-
tween sites and the possible impact of modifications on overall effectiveness of projects; and

success of communication, both within specific projects, between projects and to external stake-
holders.

Although it is clear that the boundary conditions for the Decontamination Pilot Project did not allow
sufficient time for an ideal holistic approach to planning, implementation and assessment of effective-
ness, it is intended that the experience gained will contribute towards developing a more integrated
methodology for subsequent work performed during the wider regional decontamination.

1.4 Expected output from the Decontamination Pilot Project
The main aim of the regional decontamination is to allow evacuated populations to return to their home-
land and rebuild their communities as soon as possible, particularly when there are the added chal-
lenges of re-establishing infrastructure damaged by the earthquake and tsunami. For this, it is essential
to be able to clearly demonstrate the safety of all residents (especially vulnerable groups such as chil-
dren, babies, and pregnant women). Objective assessment may indicate that, even without special de-
contamination measures, health hazards are low. Nevertheless, it is well established from previous ac-
cidents (e.g. Three Mile Island, Chernobyl) that even the fear of radiation can give rise to measurable
health effects31-35) and this is taken seriously when planning decontamination actions. Further, in such
an area where tourism and export of foodstuffs are important industries, decontamination must be suf-
ficient – and well enough communicated – to re-establish the national and international reputation on
which such industries are based.

It is also important that the decontamination actions are carried out as efficiently and safely as possible.
Decontamination of such a large, complex area will require a very large investment of both resources
and manpower. This must be seen within the wider perspective of recovery in even larger areas of
Northeast Japan outside the contaminated region that were devastated by the earthquake and tsunami,
where again huge resources are needed for the required work to allow displaced populations to rebuild

1Daily 8 hours external exposure plus 16 hours with shielding (0.4, equivalent to a wooden house) to convert hourly to annual
doses (i.e. 1 µSv h-1 ≈ 5 mSv y-1, given typical measurement uncertainties in the order of 10%)
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their communities and all required infrastructure. Efficiency is thus essential, ensuring that maximum
benefit is obtained from the investments made.

A further aspect of efficiency involves reducing the quantity of waste produced and providing effective
methods for any conditioning, packaging and storage required before final disposal can be implemented.
Management up to the point of final disposal may extend over decades and hence it is important that a
holistic assessment up to this final point is part of the evaluation of the effectiveness of different decon-
tamination options.

The nature of the work and the large workforce needed requires that operational safety is also a major
objective. Although, as noted above, average radiation exposure to workers is not expected to be high
enough to have health effects, it is known that the radiation dose distribution is uneven, for example
localised “hotspots” may occur depending on topography, vegetation, building design etc.. Radiation
protection measures for workers should thus be based on the maximum expected concentration in par-
ticular localities, rather than average values.

Conventional safety is always a concern when workers are using heavy machinery, but a particular
issue is raised by the constraints set by protective clothing, which requires special consideration when
attempting to optimise procedures in terms of worker safety.

It has also to be noted that areas in which tsunami debris is distributed present additional safety chal-
lenges. Although less easy to measure than radiation, such debris may be associated with a wide range
of pollutants, including heavy metals, oil and petrochemical products, asbestos, raw sewage, etc., again
requiring special consideration when decontamination is planned.

Finally, an explicit goal of the decontamination work is capture of knowledge gained. This is not only a
vital process to provide continual feedback for quality control and optimisation, but also recognises that
the experience gained in this work is of great value – both nationally and internationally. As populations
and sensitive industries expand into areas with high natural hazard risk, it is inevitable that accidents
involving major regional contamination will occur in the future and that, unlike past cases where no direct
decontamination action was taken, some form of decontamination will be demanded. Even if the con-
tamination is not radioactive, the experience gained in this programme of work could be invaluable in
terms of both planning and implementing recovery from future incidents.

From the background and goals outlined above, specifications for the decontamination work were de-
veloped as a form of checklist to assess progress and the quantification of decontamination effective-
ness. This included:

effective determination of the initial distribution of radioactivity (effectively in 3 dimensions, as
depth profiles were required in some cases) and assessment of resultant doses;

use of such a site model to develop a tailored decontamination plan that allowed a range of
conventional and novel technologies to be tested;

implementation of decontamination, assuring that associated constraints were addressed (op-
erational safety, minimisation of waste and environmental impact, communication with local
communities, etc.); and

performance monitoring during and after decontamination to determine dose reduction and
quantify parameters used to assess relative efficiency (decontamination factor, waste volume,
cost, etc.), which also incorporated feedback from workers involved in terms of opportunities for
improvement in decontamination activities.

It was envisaged that the output from individual decontamination sites would need to be standardised
to allow it to be integrated to form the basis for critical assessment of different decontamination options.
The first component of this process was continuous critical review of site documentation as individual
projects developed – carried out by JAEA project managers supported by international experts. This
also provided a form of technical quality assurance. The following 2 Chapters (2 and 3) summarise the
experience from the Decontamination Pilot Project in abbreviated form: a full description of the work
involved is contained in the Japanese language synthesis report1) and supporting documentation refer-
enced therein. Despite the limiting constraints on this work, as emphasised previously, the output is
assessed in terms of its potential to contribute to an ideal decontamination programme in which:

all quantification of radioactivity is of assured high quality;
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the effectiveness of different decontamination techniques can be rigorously quantified; and

all work proceeds on the basis of dialogue with stakeholders.
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2 Overview of the JAEA Decontamination Pilot Project

2.1 Preliminary decontamination tests performed at Date City and
Minamisoma City

Before the Decontamination Pilot Project (DPP) commenced, initial tests of decontamination work were
performed at 2 sites (Date City and Minamisoma City) where the radiation dose was relatively low (out-
side of both the restricted and the deliberate evacuation areas). The Date site was small in size (210 x
170 m), but included a variety of targets such as houses, farm buildings, a community hall, agricultural
fields, vegetable gardens, an orchard, wooded hillside, a playground for children and a range of roads
and natural / artificial drainage features (Figure 2.1).

Figure 2-1: Shimo-oguni, Date City – aerial photos of one of two initial test decontamination sites
Credits: Geospatial Information Authority of Japan webpage (http://portal.cyberjapan.jp/portalsite/q_and_a/ans7.html#71)

Preliminary radiation surveys and point sampling for soil profiling served to characterise the initial distri-
bution of contamination and, in particular, any locations where radioactivity may have concentrated (Fig-
ure 2-2).

Figure 2-2: Radiation survey (air dose rate at 1 m), Date City
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This location was also used for first tests of a specially developed aerial survey system based on a small
remote-controlled helicopter (Figure 2-3). Hotspots were, as expected, generally located where partic-
ulate runoff could be concentrated – for example in roof gutters, drains, at the base of isolated trees,
etc.

Figure 2-3: Remote controlled monitoring helicopter

Dose reduction was mainly achieved by removal of contamination by washing surfaces, manual cleaning
of drainage systems, cutting and removal of vegetation and removal of surface soil. When surface soil
was removed from slopes, reed mats were used as cover to reduce runoff erosion. Removed soil and
vegetation was handled and stored in large (~ 1 m3) flexible bags, with volume reduction of foliage using
a wood chipper undertaken where appropriate.

To minimise waste production, the depth of removal of soil was established based on measured profiles,
which clearly showed that radiocaesium was predominantly concentrated within the surface 5 cm. A
pragmatic approach to wooded areas was adopted, in which emphasis was placed on reduction of dose
at the edge of the forest by removal of lower foliage and leaf litter / ground cover within about 20-30 m
of its boundary with used land (e.g. houses, fields, pasture, etc.).

The basic decontamination process was similar for the second site in Minamisoma City; this site was
also small but hilly and included a vacation area with rental cabins, a horse-riding paddock and a large
water tower (Figure 2-4). This site is surrounded by forests and was used to determine the effectiveness

Figure 2-4: Aerial photos of Minamisoma illustrating point measurements of air (1 m) and surface (1 cm) dose rates
Dose rate µSv h-1: Less than 1, 1 to 3, 3 to 5, 5 to 10, 10 to 20, 20 to 30, > 30
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of forest decontamination on dose rate reduction at nearby residential properties.

Due to the hilly topography there were many steep slopes that underwent decontamination, this firstly
involved the cutting undergrowth (often by strimming), followed by the removal of plant roots. Removing
vegetation, including roots, was found to contribute most to reduction in dose rates, but had the disad-
vantage of increasing the likelihood of slope failure. Normally, construction of concrete retaining walls
would be undertaken to stabilise slopes, but this was not implemented at Minamisoma due to it being a
popular tourist vacation area. Higher radioactivity areas at this site were again associated with gutters,
drains, runoff points, around tree trunks and in cracks of paved road surfaces.

At both the Date City and Minamisoma City sites, effective dose reduction was demonstrated and a
number of valuable lessons were taken over into the Decontamination Pilot Project. For example, at the
Date City site, various types of roof tiles underwent decontamination and it was discovered that roof tiles
were extremely difficult to decontaminate due to their porous nature. Although some radiocaesium ini-
tially deposited onto roof tiles may have been washed off during precipitation events, any radiocaesium
remaining for a longer period of time would quickly be taken up on to strongly binding exchange sites of
the various tile materials (clay, concrete, ceramic). It was also discovered at the Date City site that the
effects of decontamination versus environmental impact (e.g. slope failure) need to be very careful ex-
amined before any decontamination work is undertaken.

At the Minamisoma City site, forest decontamination was performed from the edge of the forest to 10 m
inside the forest, then again to another 10 m to 20 m from the periphery and finally to 30 m. Here it was
discovered that it made no significant difference to dose rate reduction at nearby residential properties
if decontamination of forest was performed to a depth of 10 m from the forest edge or to a depth of 30
m. Clearly this was very useful information that allowed waste volume production to be minimised36).

For decontamination work implementation, it was decided that decontamination methods adopted
should be easy and practical to perform, generate minimal secondary waste, avoid any secondary con-
tamination (e.g. minimisation of water used) and, where possible, use decontamination techniques that
minimised environmental impact.

A stepwise implementation of the decontamination procedures was also suggested for going forward
with decontamination in the Decontamination Pilot Project:

1. Use a dose reduction evaluation system before implementation of any decontamina-
tion procedures, to evaluate decontamination effectiveness and potential dose reduc-
tion37)

2. Residential areas to be the priority decontamination targets, before tackling the sur-
rounding environment

3. Higher areas of radioactivity were to be prioritised over lower activity areas.

2.2 Outline of the project plan and areas selected for decontami-
nation

The overall project plan for the decontamination studies is outlined in Figure 2-5. This incorporates both
selection of the target municipalities and decontamination areas within them and also development of a
decontamination plan for each. As indicated, the implementation plan is developed in parallel to a work
safety management plan and planning of waste management.

It was decided to undertake decontamination work at locations within all 12 municipalities that contained
evacuated areas and, to facilitate the logistics of contracting, these were grouped as 3 sets of 4. The
total allocated budget for this programme was 10.1 Billion Yen: including management and coordination
costs, the field decontamination work itself and the subsequent synthesis to develop the input for re-
gional decontamination. After a number of general contractors were asked to submit proposals for de-
contamination work (including planning and evaluation), three consortia were selected by JAEA: the
Obayashi Joint Venture (JV), the Taisei JV and the Kajima JV.
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Figure 2-5: JAEA DPP outline project plan and work flow

The very short duration of the Decontamination Pilot Project was further complicated by the special
problems resulting from the need to obtain permission to work on private property, the logistics of work-
ing in evacuated areas with often damaged infrastructure and cold winter conditions. Nevertheless, de-
fined milestones were fixed and JAEA together with the selected contractors had to find appropriate
approaches to assure that they were met.

Figure 2-6: Map illustrating locations selected for decontamination with the affected areas
Average annual air dose rate data are also indicated (as of January 2012)
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The locations of the sites selected on the basis of discussion with the municipalities involved are illus-
trated in Figure 2-6

Although 12 municipalities were initially selected for targeted decontamination work, it was not possible
to agree locations in one case (Futaba Town) and hence first decontamination here was postponed to
a later stage. To select the target areas for the Decontamination Pilot Project, land use type and physical
geographical features in different options were considered. An important criterion in selection of a target
area for decontamination work was to ensure that there was enough free space available to house and
construct a temporary storage site (for the wastes arising) and the associated infrastructure accompa-
nying such construction (see section 2.7). In some areas, it took a long time to agree these sites with
local authorities, so many projects were delayed from the original timetable that had been mapped out
– experience which should be borne in mind for regional decontamination planning.

The sizes of the decontamination areas chosen were 0.2 km2 per municipality on average totalling 2
km2 and contained a representative selection of decontamination targets (Table 2).

Table 2: Characteristics of the JAEA DPP target decontamination areas

Municipalities Target areas Main constituents and features Area
(km2)

Minamisoma City Kanabusa Elementary School Buildings (Elementary School), farmland, forest, resi-
dential areas, roads 0.13

Kawamata Town Sakashita Farmland, forest, residential areas, roads 0.11

Namie Town

Tsushima Buildings (Junior High School etc.), forest, residential
areas, roads 0.05

Gongendo Buildings (railway station / track, libraries, etc.), farm-
land, private houses, roads 0.13

Iitate Village
Kusano

Iitate municipal office
Buildings, farmland, forest, private houses, residential

areas, roads 0.17

Tamura City Jikenjyo Farmland, forest, residential areas, roads 0.15

Katsurao Village Katsurao municipal office Buildings (Elementary School, Municipal office), for-
est, residential areas, roads 0.06

Tomioka Town
Yonomori Park Buildings (Junior High School, playing field, etc.), for-

est, residential areas, road, roadside rows of cherry
blossom trees

0.09

Tomioka Dai-ni Junior High School 0.03

Hirono Town Chuodai / Nawashirogae
Buildings (Municipal office, Elementary School, Jun-
ior High School, playing field), forest, residential ar-

eas, roads
0.33

Okuma Town
Okuma municipal office Buildings (Municipal office, public hall, parks), resi-

dential areas, roads 0.06

Ottozawa Farmland, forest, residential areas, roads 0.17

Naraha Town
Kamishigeoka Farmland, forest, residential areas, roads 0.04

Minami Industrial Complex Buildings (Factories, offices, etc.), roads 0.37

Kawauchi Village Kainosaka Farmland, forest, residential areas, roads 0.23

These locations include both urban and rural areas, set within different types of terrain (e.g. mountainous,
hilly, plain etc.). The groups basically represent more northerly, central and southern locations, with a
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little redistribution between the last two to improve the balance of the distribution of levels of contami-
nation in each group. Each JV implemented its own proposed technology for decontamination, while
JAEA supervised, verified and evaluated their work.

2.3 Site characterisation and radioactivity distribution
Characterisation of the sites to be decontaminated was planned in parallel to the associated character-
isation and monitoring of the distribution of radioactivity (Table 3). This general plan was established in
a way to allow it to be readily tailored to the characteristics of each site.

Table 3: Information required for site characterisation

Target General information required Further information

All sites

Air dose rate level Selection of measuring instruments

Infrastructure (roads, water supply, electricity, etc.)
Means of access
Damage assessment (tsunami, earthquake) etc.
Feral animals

Forests and
farmland

Topography
Tree species, vegetation and crops
Soil quality (cultivated / uncultivated)
Irrigation / drainage channels

Selection of measurement strategy
(e.g. grid density of measurement
points, locations, etc.)

Selection of environmental sampling
strategy

Residential ar-
eas and large

structures

Building type and construction materials
Structural integrity, number of stories
Gardens and parks (vegetation, soil cover, playground
equipment, etc.)

Roads Size and surface material
Roadside gutters

Site characterisation
The starting point for any decontamination work was a detailed description of the target area, based
predominantly on land-use maps, aerial and satellite images and ground surveys. For Fukushima, key
input was:

topography as determined from pre-existing maps: especially in hilly / mountainous areas as
this can constrain access and applicability of different decontamination technologies;

land use determination from maps, supported by field surveys: including classification of differ-
ent types of buildings, farmland, parkland and forest;

characterisation of catchments and water flow from existing hydrogeological maps: critical for
assessing mobilisation pathways for radionuclides and potential routes for re-contamination. As
concern focused on radiocaesium, transport was predominantly associated with soil particulates
which are mobilised during periods of high rainfall (and storm events such as typhoons) as
determined by meteorological databases;

identification of especially sensitive areas as identified in field surveys and discussions with
residents: here with emphasis on any locations where pregnant mothers, babies or children
could be exposed to radiation (nurseries, schools, playgrounds, etc.);

classification of surfaces, predominantly from field surveys: due to generally high uptake of Cs
by surfaces, these were also a particular focus for characterisation to determine different types
of road, roof, paving, etc., and
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in areas with significant earthquake / tsunami damage, this had also to be determined to assess
special decontamination requirements. Some information from aerial images, but mainly input
from ground surveys.

A particular consideration for Fukushima was identification of all land and property owners to allow their
permission to be obtained prior to commencing work. It was also necessary to assess any potential
hazards to workers, for example due to damaged structures or abandoned farm animals, which have
turned feral.

Information on land use was summarised on maps, which combined the key characteristics of the site
in terms of decontamination planning (e.g. Figure 2-7).

Figure 2-7: Overview of land use for one of the decontamination sites
The area within the red boundary delineates the areas targeted for decontamination

Created by JAEA based on data provided by Geospatial Information Authority of Japan.

Radioactivity distribution and monitoring
2.3.2.1 Planning for decontamination
An outline of the determination of radioactivity distribution (characterisation) and follow up monitoring
that was undertaken before and after decontamination technologies were applied, is illustrated in Figure
2-8.

Initially, a range of techniques were selected with the site boundary conditions in mind (e.g. topography,
land use type and average contamination based on regional-scale surveys – see section 2.2). Radioac-
tivity characterisation before decontamination was performed in order to define a starting point and to
ascertain the details of the distribution of local contamination, including identification of “hot spots”. After
initial characterisation of the level of radioactivity, regular monitoring was carried out during decontami-
nation to assess the effectiveness of each technology as it was applied. Determination of radioactivity
after decontamination gave a measure of the total dose reduction after all technologies had been imple-
mented.

In-situ measurements that were made can be subdivided into 2 broad classes: local dose rate meas-
urements and determination of radiocaesium contamination levels. The former were point integrations
of all measured dose due to gamma (and possibly beta, depending on equipment) radiation at a defined
height above the ground (usually 1 m or 1 cm, occasionally 50 cm). As the half-distance for 137Cs gam-
mas (0.66 MeV) in air is about 70 m38), such a measurement would have included contributions from a
very wide range of distinct sources, particularly in the very complicated topography of the sites that were

Housing

Forest

Farm

Road

Created by JAEA based on data provided by Geospatial Information Authority of Japan.
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studied. Especially when measuring contamination of surfaces, therefore, collimators (lead shielding)
can be used to minimise this effect. Despite their limitations, such measurements had the advantage of
being able to rapidly produce maps of the relative distribution of radioactivity. Instrumentation used for
radioactivity quantification is listed in Table 4.

Table 4: Radioactivity quantification and associated instrumentation

Measurement parameter Instrumentation

Ambient dose rate (at 1 / 0.5 m)

( Sv h-1 at a specific location)

NaI(Tl) / CsI(Tl) survey meter

Ionisation chamber survey meter

Surface contamination (at 1 cm)

(counts per minute – cpm, per unit area)1

GM (Geiger Müller) survey meter

Radioactivity concentration

(Bq/unit, mass / area / volume)

HPGe detector

NaI(Tl) spectrometer

Airborne radioactivity (cpm m-3 air) High volume air sampler / GM Counter
1Area defined by collimator (if used), includes activity which is sensitive to surface conditions

2.3.2.2 Implementation
The approaches / techniques used to characterise the initial distribution of radioactivity that allowed
maps of the contamination to be produced during the Decontamination Pilot Project are listed below and
illustrated in Figure 2-9:

1. Grids of individual measurement points with handheld equipment.

2. Continuous measurements with specially modified equipment, including:

Figure 2-8: Flow chart showing the planning and execution of decontamination work during the pilot project
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car-borne detector;
a remote-controlled helicopter;
a “buggy”; and
a “backpack”.

3. Equipment that measured relative dose profiles:

gamma camera; and
plastic scintillator fibres (PSF).

It should be noted that the options under (3) were used only on a test basis and the focus for decontam-
ination work involved the other options. For the continuous measurements, these could be linked to
global positioning system (GPS) data, so that maps of contamination levels were automatically gener-
ated. This may directly identify hotspots or these can be specifically searched for (e.g. using point meas-
urements) in locations where concentration of radioactivity may be expected (drainage systems, base
of trees, etc.).

Direct measurements were complemented by sampling for subsequent analysis in a laboratory. Such
measurements were used to determine the level of contamination of materials to be removed during
decontamination (e.g. leaf litter, organic material), to determine depth profiles of contamination in order
to select appropriate decontamination techniques (soils, road surfaces) and to check concentrations in
water (both swimming pool water and water used for decontamination) to assure that it could be safely
disposed of to normal drainage / sewage systems. When appropriate, dust samplers were also used to
determine both the level of protection required by workers and also the potential for dust to spread
contamination.

For soil sampling (Figure 2-10), depth profiles were required to establish the depth of penetration of
radiocaesium, thus ensuring the optimum amount of soil was removed during decontamination work.

Figure 2-9: Examples of radiation monitoring options
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Figure 2-10: Soil sampling method

Profiles were exposed to a depth of about 25 cm and soil was scraped off at the desired depth incre-
ments. Approximately 100 g of soil was packed into small plastic containers for quantification by gamma
spectrometry. Because of the range of measurement equipment and sampling approaches used, it was
important to calibrate / inter-calibrate equipment and assess the uncertainties associated with measure-
ments. This is discussed further in section 2.9. In addition, measurement conditions needed to be care-
fully recorded in order to allow for influences of weather on the measurements carried out (changing
water content of soils, presence of snow, etc.).

2.3.2.3 Results
Typical results from point measurements before decontamination are shown in Figure 2-11. This allows
ranges and average doses before decontamination to be specified for different targets – in this case
residential areas, a park, parking lots and roads. To provide context, some measurements are also
made outside the target area.

Figure 2-11: Example of a pre-decontamination dose map
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Integration of the radiological data with the site map can be achieved particularly rapidly and easily with
the digital data derived by the scanning methods (AUH - autonomous unmanned helicopter – Figure 2-
9), buggy and backpack. This can also be readily extended by digital interpolation to form a complete
map of site contamination (e.g. Figure 2-12).

Figure 2-12: Map of air dose rate in a flat plain region (Kawamata Town) before decontamination

A number of studies have been carried out to examine the influence of weather on measurements: in
particular, the effect of snow cover, e.g. (39) and (40). Some estimates of the extent of shielding as a
function of snow density were made, but it was recognised that these must be used with caution as the
specific shielding effect depends on site characteristics (because of the large area integrated within an
unshielded gamma dose measurement). It should be noted that difficulties were encountered when the
ambient temperature was below the normal instrumental operating range (0-35 °C) and therefore af-
fected the accuracy of readings, particularly below -5 °C.

For specific cases, depth profiles are required and the locations where these are sampled are deter-
mined either on the basis of the site contamination map or based on an arbitrary grid to assess spatial
variability. When such profiles are expressed as relative concentrations for schools, playfields and farm-
land (e.g. Figure 2-13), it is observed that, in almost all cases, 80% or more of the total inventory of
radiocaesium lies within the upper 5 cm.

Figure 2-13: Depth profiles of relative radiocaesium concentration
schools and playfields (left) and farmland (right); Relative concentration: A ratio calculated using the integrated inventory of

radiocaesium to 20 cm depth as the reference
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For sensitive areas such as schools and playing fields, such profiles can be used to decide what depth
of soil should be removed. For farmland, where soil is a valuable resource, the profiles allow other
options to be assessed – such as dose reduction by inverting the soil profile.

For contaminated surfaces (roofs, walls, paving, etc.), to provide more information than a simple inte-
grated dose, near-surface measurements (1 cm) were made using GM detectors. These are particularly
sensitive to betas and were used to measure relative changes in surface concentration at the same
point before and after decontamination (expressed simply as counts per minute (cpm) per unit area).
This method is applicable if the radioactivity is confined to a thin layer close to the surface and if the
properties of the surface are constant (NB an increase of the water content of a porous surface could
have a large effect on beta count rate). Ideally, the counter should include a collimator to reduce back-
ground.

2.4 Decontamination planning
The decontamination plan for each site was based on the characterisation and monitoring data as de-
scribed in the previous sections. It should be emphasised that, as an aim was testing technology and
decontamination approaches, the plan was tailored to this goal and the strategy depended on both the
targets present and the contamination level. Thus, for sites with low contamination levels (Tamura City
and Hirono Town), particular emphasis was placed on reduction of the volume of waste produced. In
contrast, for high dose sites (especially Okuma Town), the primary goal was to test techniques that
reduced dose rate to the maximum extent possible. In some areas, such as Kawauchi, concerns from
local people regarding potential contamination of groundwater meant that only water-free decontamina-
tion methods were tested. The limited capacity for temporary storage at Naraha led to the testing of
techniques that minimised waste production e.g. topsoil-subsoil exchange.

Once a strategy was defined for a particular site, an implementation plan had to be developed which
considered:

selection of appropriate decontamination technology for each of the specific targets identified,
based on a list of potential options (section 2.5);

approach to handling resultant waste (section 2.6);

construction, operation and monitoring of required temporary waste storage site(s) (section 2.7);

safety of workers (section 2.8); and

quality assurance (section 2.9).

To facilitate technology selection, a code (Computer code for Decontamination Estimation, CDE) was
developed37) to assess the impact of different decontamination factors on the resultant change in gamma
dose rates (Figure 2-14).

This allowed constraints set by the dose which arises from surrounding areas that have not been de-
contaminated, to be determined. In general, however, the applicability of the code was rather limited

Figure 2-14: Example of predicted dose rate reductions by the CDE
for a specified decontamination factor

Air dose rate (at 1m) before decontamination calculated based on monitoring results
(left) and predicted air dose rate after decontamination (right)
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due to its inability to precisely simulate the complex topography of most of the sites, which is typical of
much of the Fukushima prefecture.

2.5 Decontamination technology
For each target, system understanding is combined with a list of available approaches and tools for
dose reduction as input for site-specific planning, as outlined in the previous section.

Forest
Forests have a very high uptake capacity for contaminants and initially radiocaesium is intercepted by
way of the foliage, therefore the distribution of radioactivity depends on the type of trees present (Figure
2-15).

Figure 2-15: Distribution of radiocaesium in different kinds of forest
This figure has been modified from one originally produced by Ministry of Agriculture, Forestry and Fisheries41)

For evergreen trees, leaves were present at the time of fallout in March 2011 and many of these forest
leaves remain with a significant Cs content (the average lifespan of evergreen leaves or needles is
between 3 and 5 years). By comparison, deciduous trees had lost their leaves at the time of deposition
and hence most of the initial radiocaesium was contained almost entirely within the litter layer. Although
forests form a large fraction of the contaminated land area within the Fukushima prefecture, for the
Decontamination Pilot Project, rate reduction was prioritised in wooded areas adjacent to residential
land. For these, the main decontamination methodologies involved stripping and removal of contami-
nated vegetation (Table 5). Trees were pruned, wild undergrowth was cut down and forest floor was
cleared of leaf litter.
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Table 5: Decontamination techniques applied to forests

Targets Methodology

Forest floor

Litter
Manual removal and transfer
Manual removal, vacuum transfer
Removal by mechanical digger

Humus layer Manual removal
Removal by mechanical diggerSurface soil

Trunk
Washing with water and brushes
High-pressure washing

Forest cover
Branches and leaves Pruning (evergreen trees only)

Bamboo / shrubs Thinning / trimming

Further decontamination was performed by removal of the humus layer (degrading organic matter) and
topsoil (Figure 2-16). In some areas complete tree removal was also tested (see (42) for more infor-
mation).

Removal of litter (vacuum) Removal of litter and humus

Pruning (vehicle mounted platform lift) Pruning (ladder & chainsaw)

Bamboo thinning (chainsaw) Felling (mechanical harvester)

Figure 2-16: Illustration of forest decontamination techniques
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As expected, for deciduous forest, decontamination could focus entirely on the litter layer and under-
growth. For evergreen forest the impact of different approaches was assessed (Table 6): it is clear that
significant dose reduction could be obtained by clearing litter, whereas much more effort of branch trim-
ming or even clear felling is required to reduce the dose further.

A special concern for planning forest decontamination was determination of the extent to which this was
required to reduce doses at the forest periphery. Although this depends on the distribution of radioac-
tivity in the specific type of forest, topography and the forest density (due to shielding by tree trunks), it
was observed in the preliminary decontamination tests performed at Minamisoma City that decontami-
nation of a zone 10 m wide reduced doses by about 40%, whilst further decontamination resulted in no
significant further dose rate reduction36).

Basically, the same approaches were also used to decontaminate trees and shrubs in residential areas,
gardens, parks, etc.

Table 6: Effectiveness of different decontamination techniques for evergreen forests

Radioactivity parameter Removal of litter,
humus and topsoil

Trees

Trunk washing Branch trimming Felling

Distribution of radioactivity1

(September 2011) 50%
Trunks:

1%
Branches & leaves:

49%
Total in trees:

50%

% reduction in radiation dose /
radioactivity2

60 - 80 (at 1 cm)
30 - 45 (at 1 m)
(air dose rate)

~ 30
(surface cpm)

20 (at 1 cm)
5 - 30 (at 1 m)
(air dose rate)

Cs completely re-
moved

1 Approximately half of the radioactivity was found to be contained in the trees, mainly on the branches and leaves. Branch trimming
was confined to the lower parts of trees.

2 Note that the figures of “% reduction in radiation dose” for “removal of litter, humus and topsoil” and “branch trimming” do not
show the individual effectiveness separately.

Agricultural land
Agricultural land was classified during site characterisation (section 2.3) in terms of the crops grown –
in the Fukushima area predominantly paddy fields, other fields (pasture) and various kinds of orchard.
The particular manual and mechanical decontamination approaches used for each of these are sum-
marised in Table 7.

Table 7: Decontamination techniques applied to agricultural land

Techniques Paddy Fields Other Fields Orchards

Strimming / mowing Manual strimming or
mechanical mowing (e.g. hammer knife)

Topsoil stripping Manual stripping
(including paths, slopes)

Mechanical digger

Bulldozer Turf cutter / thin
layer stripper

-

Solidification agent Mg based agent / mechanical digger -

- Cement-based
agent / mechani-

cal digger

-

Reverse tillage (generally ~ 25 - 50cm) Ploughing -

Soil mixing (upper 25 cm) Manual / tractor rotovator -

Topsoil / subsoil exchange (~ 45 cm) Mechanical digger - -
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In general surface vegetation was removed first and then various options were considered for reducing
dose from contaminated soil. In March 2011, more than half of the farmland in the Fukushima prefecture
had not yet been ploughed and, for this case, the inventory of radiocaesium was concentrated predom-
inantly within the upper few cm of soil (Figure 2-17, left). Even for ploughed soil, where somewhat
greater penetration was often observed, a large proportion of total radiocaesium activity was contained
within the upper 5 cm or so of the soil column (Figure 2-17, right).

Given that Cs is strongly bound to the clay component of soils, reduction of surface gamma dose rate
can be achieved by mixing the soil or, even better, inverting the soil column. Even though Cs uptake
from clay soils into crops is generally low, this is further reduced if the soil column is inverted with the
surface layer placed below the root zone. Soil removal was considered in cases where contamination
levels were high (Figure 2-18).

Soil removal was achieved either by manual or mechanical stripping, in some cases with prior applica-
tion of a solidification agent (inorganic magnesium-based or cement-based sprays) to facilitate stripping.
In the case of frozen soil, there was no need to apply solidification agents. The pictures in Figure 2-18
give an indication of how such techniques were applied and equipment tailored to the conditions of the
site. In cases where soil or surface vegetation is removed, the standard heavy-duty plastic bags used
can also be seen. Some illustrative results from comparison of different methods are presented in Table
8 - comparing reverse tillage techniques and topsoil stripping methods.

It is noticeable that, in terms of gamma dose rate reduction, the tillage methods can be as effective as
soil stripping, with the particular benefit that no waste is produced.

Figure 2-17: Depth profiles of radiocaesium for undisturbed (left) and ploughed land (right)

Table 8: Reduction in dose rate for soil decontamination techniques

Decontamination method Dose rate reduction

Reversal tillage
(tractor and plough)

65 - 80%

Interchanging topsoil with subsoil
(mechanical digger)

~ 65%

Thin-layer soil stripping equipment
(hammer knife)

~ 70%

Mechanical digger
(stripping thickness of approximately 5 cm)

~ 65 - 95%

Application of solidification agent and removal with me-
chanical digger ~ 80%

Residential land
There is considerable overlap between the targets and decontamination approaches used for residential
areas and for other built up zones, although required dose reduction and sensitivity with regard to po-
tential damage caused by the decontamination technology may differ. This section concentrates on

Topsoil stripping (mechanical digger) Manual topsoil stripping

Thin layer topsoil stripper Reversal tillage with plough

Fixation agent application Solidified soil separation and recovery machine

Figure 2-18: Various soil treatment methods applied to agricultural land
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houses and gardens, while the following section considers all other targets, including roads, industrial
and other buildings, playgrounds, swimming pools, etc.

For houses, the initial characterisation includes an assessment of the extent of any earthquake (or tsu-
nami) damage, allowing decisions to be made on whether to attempt to decontaminate and, if so, the
approaches that would be appropriate given the stability of the structure (a flow chart for decontamina-
tion method selection is illustrated in Figure 2-19).

It is emphasised that this was carried out not only in terms of assuring cost-effectiveness of efforts, but
also to assure worker safety.

Decontamination of houses predominantly involves washing of external surfaces (especially roofs) and
focussing on decontamination of areas that are potential hot spots – predominantly gutters and drainage
systems. For such targets, initial contamination is mainly characterised by surface radioactivity meas-
urement with a GM detector – giving relative values expressed in cpm. As indicated in Table 9, such
contamination varies significantly, depending on the characteristics of building materials and also the
general extent of local fallout.

Table 9: Surface count rate (in cpm) for different residential land components with different aerial dose rates

Decontamination targets
Municipality A

(~ 2 µSv h-1)
Municipality B

(~ 9 µSv h-1)

Buildings Roofs 5 000 7 800

Support structures (walls) 700 2 300

Gutters 3 700 11 000

Outdoor Gardens 3 900 9 100

Pavements 4 400 12 000

Figure 2-10: Flow chart for selection of decontamination methods for housesFigure 2-19: Flow chart for selection of decontamination methods for houses
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Decontamination of houses (Figure 2-20) was implemented in a top-down manner, in order to prevent
recontamination. Rainwater gutters were firstly cleared of vegetation and debris, after which a range of
techniques were tested for contamination removal from roofs, including manual scrubbing with brushes
and high pressure water washing.

High-pressure water washing Brushing

Decontamination adsorbent Wiping gutters

High-pressure water jet washing Manual brushing of walls

Figure 2-20: Examples of decontamination techniques for houses

Novel techniques were also trialled, such as the application of special surface decontamination adsor-
bents (e.g. K-Pack®), that peeled off after hardening, taking with it contaminated material. Many of the
different techniques were tested side by side on the same surfaces, in order to directly compare the
decontamination effectiveness of different methodologies.

Both the initial level of contamination and the effectiveness of different decontamination methods were
very dependent on the construction materials involved. This is illustrated in Table 10, which shows the
typical reduction in the measured count rate for different surfaces as a result of different decontamination
approaches.

Table 10: Reduction in count rate (%) for decontamination of different types of roof tiles
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agent
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Iron (baked finish) - 10 10 10

Iron (spray finish) - 30 5 15

clay - 50 70 30

cement 30 5 0 30

slate 10 0 25 35
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After decontamination of residential buildings was complete, specific features of the surrounding envi-
ronment, such as gardens and drainage ditches, were then tackled (Figure 2-21).

Manual removal of hotspots Mechanical removal of soil

Manual bush trimming Soil stripping beneath shrubbery

Figure 2-21: Examples of decontamination methods for gardens

For gardens, much like forests and agricultural land, vegetation was cut back, usually by strimming,
mowing or clipping. The next stage involved either soil turnover or complete removal of the soil surface
layers. Particular attention was paid to removal of hot spots; often these were found underneath the
eaves of roofs or within drains that collected roof gutter runoff. Garden paths were generally decontam-
inated using high-pressure water and gravel (from drains, paths, etc.) was washed, with fine gravel
fractions and all wastewater collected for further treatment.

Roads and other targets in built up areas
2.5.4.1 Roads
In general, gamma dose rates associated with roads and other paved areas (e.g. car parks) are rela-
tively low compared to those in surrounding farmland and forest due to natural self-cleaning processes.
It should be noted here that roads were only decontaminated where there was the possibility of reducing
the dose contribution to people living in residential areas (roads were not decontaminated to reduce
dose to road vehicles). Washing of contamination by rainfall does, however, often lead to higher con-
centrations in drains, which may need to be decontaminated (e.g. by high pressure washing). If roads
are to be decontaminated, it is important to first determine the depth profile of contamination (Figure 2-
22).
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Figure 2-22: Contamination profiles for different road surfaces

In most cases radioactivity is concentrated within the upper mm or so, with penetration below about 3
mm only for some porous asphalts. Roads were decontaminated using a number of different decontam-
ination methodologies (e.g. Figure 2-23) which were either manual or vehicle-based.

In cases with lower contamination which lies close to the surface, manual or vehicle-based high-pres-
sure washing was used, in some cases followed by mechanical decontamination with rotating brushes
mounted underneath heavy vehicles. Contaminated run-off was collected and pumped into vehicle-
based storage for later treatment. Surface erosion by various shot-blasting methods and also complete
removal of asphalt from roads were also implemented for more highly contaminated surfaces with
greater depth penetration of Cs.

The comparison of the results of different approaches in terms of reduction of surface count rate (Table
11) shows that there is high variability in the effectiveness of simpler washing / sweeping methods,
indicating considerable differences in the accessibility of contamination for different surfaces.

The large range in decontamination efficiency was reported to be due to a number of factors, including:

Differences in the initial status, including aging deterioration e.g. uneven surfaces and
cracks
Differences in material composition e.g. porous asphalt or dense-graded asphalt
Variations in the blasting angle
The trial and error nature of the tests
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Figure 2-23: Decontamination approaches for road surfaces

When Cs has penetrated the road surface, ultra-high-pressure washing and shot blasting can produce
significant reductions, but assured reduction is obtained only by road stripping. Such indication of strong
binding of contamination to road surfaces indicates also that resurfacing without stripping would also be
effective to reduce dose without generation of waste.

2.5.4.2 Playgrounds and swimming pools
Because of the special concerns about potential doses to children, play areas were a special focus for
decontamination. Such areas have a wide range of different surfaces, which show significant differences

Medium-scale shot blasting Large-scale shot blasting

Close-up of a blasted surface Medium size ultra-high-pressure water jet

Road surface stripping equipment Asphalt debris loaded onto trucks using a conveyor belt

Table 11: Reduction in count rate for various road decontamination techniques

Decontamination
method

Pavement
sweep-washing

vehicle

High-pressure
water jet

(10-20 MPa)

Ultra-high-pressure
water jet

(240 MPa)

Shot blasting Road surface
stripping

Count rate reduc-
tion 0 – 60% 2 – 50% 40 – 90% 60 – 95% 95% or higher
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in the depth distribution of contamination (Figure 2-24). Nevertheless, in most cases radioactivity is
concentrated within the upper 5 cm.

The methods used for decontamination of playing fields (soil, grass) are effectively the same as those
described for agricultural land in section 2.5.2, while for paved areas these are equivalent to those used
for roads (section 2.5.4.1 above). Some typical results are shown in Table 12, illustrating the relatively
high reduction in surface count rate that can be achieved.

Table 12: Comparison of playground contamination reduction using different decontamination methods

Decontamination method Count rate reduction

Thin-layer topsoil stripping

Hammer knife mower and
sweeper ~ 90%

Road surface stripping equip-
ment

80% (low dose areas)
90% (medium to high dose areas)

Motor grader
80% (low dose area)

90% (medium to high dose areas)

Interchanging topsoil with subsoil ~ 85%

Dust collection sander (concrete planer) 60 – 80%

Ultra-high-pressure water washing (150 MPa or higher) ~ 70%

High-pressure water jet washing (10 to 50 MPa) 30 – 70%

Shot blasting ~ 70%

Playgrounds containing equipment such as swings and slides were manually washed or decontami-
nated using vacuum suction (Figure 2-25). Here the emphasis was on removing any loose contamina-
tion which could be taken up by children. Contaminated water from decontamination activities and swim-
ming pools often contained elevated levels of radioactivity. If the radiocaesium activity in water exceeded
the level for release to the environment (200 Bq l-12), then treatment was undertaken before eventual
discharge.

2 In the JAEA DPP the standards are specified as 200 Bq l-1 - provisional regulation value for drinking water43), or 60 Bq l-1 for
134Cs and 90 Bq l-1 for 137Cs - drainage limits from nuclear facilities.
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Figure 2-24: Contamination profiles for different playground surfaces
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Water treatment techniques used included aggregation and adsorption to facilitate easier and more
rapid separation of suspended fine particulates from water (see also section 2.6.2). The resultant sludge
that settled after separation was first dewatered before being bagged for removal to temporary storage
facilities. Once drained, pool surfaces were scrubbed with hard nylon brushes, followed by high-pres-
sure water cleaning with hoses (Figure 2-26).

Figure 2-25: Decontamination methods for play equipment

Figure 2-26: Decontamination of swimming pools

2.5.4.3 Large buildings
Large buildings, such as schools and factories, were treated in much the same manner as residential
buildings, again with a top-down approach to decontamination. Manual roof decontamination, using
brushes and high-pressure hoses, was used to dislodge contaminants and, on flat roofs, electric scrub-
bing brushes were tested for contamination removal efficiency. Similarly, support structures were
scrubbed manually using cloths or brushes, followed by high pressure hosing (vehicle mounted plat-
forms used to allow access to higher areas). A number of techniques typically used for roads (section
2.5.4.1) such as shot blasting were also used, e.g. on flat roofs or car parking areas.

2.6 Waste treatment
Wastes generated by the decontamination processes include “inert” contaminated solids, “reactive” and
organic solids, water and fluids used for washing plus materials and equipment contaminated during the
decontamination process. For individual decontamination processes, it is important to quantify the vol-
umes of all such waste streams along with the average concentration of radiocaesium within them as,
within a holistic assessment, this allows their subsequent management to be optimised. This section
reviews work on classification, treatment, packaging and transport of waste. The following section 2.7
covers temporary waste storage on the decontamination sites. As details of subsequent interim waste
storage at one or more central locations and final disposal had not been established at the time of the
Decontamination Pilot Project, these are not considered in this volume, but the status of such waste
management planning is included in Part 2.
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in the depth distribution of contamination (Figure 2-24). Nevertheless, in most cases radioactivity is
concentrated within the upper 5 cm.

The methods used for decontamination of playing fields (soil, grass) are effectively the same as those
described for agricultural land in section 2.5.2, while for paved areas these are equivalent to those used
for roads (section 2.5.4.1 above). Some typical results are shown in Table 12, illustrating the relatively
high reduction in surface count rate that can be achieved.

Table 12: Comparison of playground contamination reduction using different decontamination methods

Decontamination method Count rate reduction

Thin-layer topsoil stripping

Hammer knife mower and
sweeper ~ 90%

Road surface stripping equip-
ment

80% (low dose areas)
90% (medium to high dose areas)

Motor grader
80% (low dose area)

90% (medium to high dose areas)

Interchanging topsoil with subsoil ~ 85%

Dust collection sander (concrete planer) 60 – 80%

Ultra-high-pressure water washing (150 MPa or higher) ~ 70%

High-pressure water jet washing (10 to 50 MPa) 30 – 70%

Shot blasting ~ 70%

Playgrounds containing equipment such as swings and slides were manually washed or decontami-
nated using vacuum suction (Figure 2-25). Here the emphasis was on removing any loose contamina-
tion which could be taken up by children. Contaminated water from decontamination activities and swim-
ming pools often contained elevated levels of radioactivity. If the radiocaesium activity in water exceeded
the level for release to the environment (200 Bq l-12), then treatment was undertaken before eventual
discharge.

2 In the JAEA DPP the standards are specified as 200 Bq l-1 - provisional regulation value for drinking water43), or 60 Bq l-1 for
134Cs and 90 Bq l-1 for 137Cs - drainage limits from nuclear facilities.
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Water treatment techniques used included aggregation and adsorption to facilitate easier and more
rapid separation of suspended fine particulates from water (see also section 2.6.2). The resultant sludge
that settled after separation was first dewatered before being bagged for removal to temporary storage
facilities. Once drained, pool surfaces were scrubbed with hard nylon brushes, followed by high-pres-
sure water cleaning with hoses (Figure 2-26).

Figure 2-25: Decontamination methods for play equipment

Figure 2-26: Decontamination of swimming pools

2.5.4.3 Large buildings
Large buildings, such as schools and factories, were treated in much the same manner as residential
buildings, again with a top-down approach to decontamination. Manual roof decontamination, using
brushes and high-pressure hoses, was used to dislodge contaminants and, on flat roofs, electric scrub-
bing brushes were tested for contamination removal efficiency. Similarly, support structures were
scrubbed manually using cloths or brushes, followed by high pressure hosing (vehicle mounted plat-
forms used to allow access to higher areas). A number of techniques typically used for roads (section
2.5.4.1) such as shot blasting were also used, e.g. on flat roofs or car parking areas.

2.6 Waste treatment
Wastes generated by the decontamination processes include “inert” contaminated solids, “reactive” and
organic solids, water and fluids used for washing plus materials and equipment contaminated during the
decontamination process. For individual decontamination processes, it is important to quantify the vol-
umes of all such waste streams along with the average concentration of radiocaesium within them as,
within a holistic assessment, this allows their subsequent management to be optimised. This section
reviews work on classification, treatment, packaging and transport of waste. The following section 2.7
covers temporary waste storage on the decontamination sites. As details of subsequent interim waste
storage at one or more central locations and final disposal had not been established at the time of the
Decontamination Pilot Project, these are not considered in this volume, but the status of such waste
management planning is included in Part 2.

Water treatment techniques used included aggregation and adsorption to facilitate easier and more
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sure water cleaning with hoses (Figure 2-26).
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2.5.4.3 Large buildings
Large buildings, such as schools and factories, were treated in much the same manner as residential
buildings, again with a top-down approach to decontamination. Manual roof decontamination, using
brushes and high-pressure hoses, was used to dislodge contaminants and, on flat roofs, electric scrub-
bing brushes were tested for contamination removal efficiency. Similarly, support structures were
scrubbed manually using cloths or brushes, followed by high pressure hosing (vehicle mounted plat-
forms used to allow access to higher areas). A number of techniques typically used for roads (section
2.5.4.1) such as shot blasting were also used, e.g. on flat roofs or car parking areas.

2.6 Waste treatment
Wastes generated by the decontamination processes include “inert” contaminated solids, “reactive” and
organic solids, water and fluids used for washing plus materials and equipment contaminated during the
decontamination process. For individual decontamination processes, it is important to quantify the vol-
umes of all such waste streams along with the average concentration of radiocaesium within them as,
within a holistic assessment, this allows their subsequent management to be optimised. This section
reviews work on classification, treatment, packaging and transport of waste. The following section 2.7
covers temporary waste storage on the decontamination sites. As details of subsequent interim waste
storage at one or more central locations and final disposal had not been established at the time of the
Decontamination Pilot Project, these are not considered in this volume, but the status of such waste
management planning is included in Part 2.
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Waste classification
The starting point for managing waste involves its classification (Table 13), including both primary con-
taminated material and secondary wastes resulting from the decontamination processes (e.g. shot-
blasting materials for surface stripping, filters and precipitates from water decontamination, contami-
nated clothing, etc.).

Table 13: Classification of waste, including both primary contaminated material and secondary wastes
from decontamination processes

Type of material Typical examples
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Organic (soil) Topsoil, forest soil, mineral soil, agricultural soil and gut-
ter sediment

Inorganic (residential paving, etc.) Stones and gravel

Inorganic (materials from surface stripping) Blasting materials, peelable strippers

Inorganic (asphalt) Road surface, pavements

Inorganic (secondary wastes) Plastic sheets, filters (masks and water treatment filters)
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Organic (vegetation)
Grass (turf grass, moss, weeds, etc.)

Timber, branches and leaves (bamboo, pruned
branches, etc.)

Other flammable wastes generated as a re-
sult of decontamination work Tyvek® packaging, waste cloth, etc.

For each individual decontamination technique, the quantity of waste (volume, weight) in each class can
be determined, along with average contamination level (Bq / unit weight or volume) and surface gamma
dose of packaged waste.

Waste handling and treatment44)

A key waste treatment challenge is management of liquid wastes – both primary contaminated water
(e.g. from outdoor swimming pools) and that resulting from decontamination procedures. In the latter
case, it is important first to focus on avoiding such waste by decontamination of surfaces avoiding use
of fluids (dry-stripping of paint combined with HEPA filtration, shot blasting, dry ice blasting) or otherwise
minimising use of fluids by increasing efficiency (high pressure jet with recirculation of water; use of
surfactants, microbubbles and ozonation). These options have been tested at the decontamination pro-
ject sites and in supporting laboratory studies.

In order to allow free release of water to normal drainage or sewage systems, the concentration of
radiocaesium was reduced to below about 200 Bq l-1 and a range of approaches have been examined
to achieve this – including various combinations of filtration, ion-specific sorption, precipitation and co-
agulation of suspended material (Figure 2-27).

Due to the well-established association of Cs with particulate phases, filtration or coagulation and pre-
cipitation are often sufficient. In any case, all approaches examined were able to reduce Cs in solution
to below detection limit – which was well below the free release limit.

For solid wastes, volume reduction is implemented wherever practical. For trees, high-pressure washing
may be an option, but for most other vegetation, litter collection, trimming or clear-cutting may be the
most effective methods for reducing dose. For foliage, in particular, significant volume reduction can be
achieved by mechanical shredding / chipping, which was implemented at several of the DPP sites. Some
of the volume reduction methods are illustrated in Figure 2-28.

Water treatment techniques used included aggregation and adsorption to facilitate easier and more
rapid separation of suspended fine particulates from water (see also section 2.6.2). The resultant sludge
that settled after separation was first dewatered before being bagged for removal to temporary storage
facilities. Once drained, pool surfaces were scrubbed with hard nylon brushes, followed by high-pres-
sure water cleaning with hoses (Figure 2-26).
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2.5.4.3 Large buildings
Large buildings, such as schools and factories, were treated in much the same manner as residential
buildings, again with a top-down approach to decontamination. Manual roof decontamination, using
brushes and high-pressure hoses, was used to dislodge contaminants and, on flat roofs, electric scrub-
bing brushes were tested for contamination removal efficiency. Similarly, support structures were
scrubbed manually using cloths or brushes, followed by high pressure hosing (vehicle mounted plat-
forms used to allow access to higher areas). A number of techniques typically used for roads (section
2.5.4.1) such as shot blasting were also used, e.g. on flat roofs or car parking areas.

2.6 Waste treatment
Wastes generated by the decontamination processes include “inert” contaminated solids, “reactive” and
organic solids, water and fluids used for washing plus materials and equipment contaminated during the
decontamination process. For individual decontamination processes, it is important to quantify the vol-
umes of all such waste streams along with the average concentration of radiocaesium within them as,
within a holistic assessment, this allows their subsequent management to be optimised. This section
reviews work on classification, treatment, packaging and transport of waste. The following section 2.7
covers temporary waste storage on the decontamination sites. As details of subsequent interim waste
storage at one or more central locations and final disposal had not been established at the time of the
Decontamination Pilot Project, these are not considered in this volume, but the status of such waste
management planning is included in Part 2.
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Figure 2-27: Decontamination of liquid waste: flow chart and equipment

Figure 2-28: Illustration of some volume reduction methods for solid organic waste

In practice, these techniques are combined with appropriate measures to manage dust (reducing both
contamination of workers’ clothing and spread of contaminated material by wind). Such volume reduc-
tion methods are particularly suited to branches, shrubs, small trees, etc., where reduction of up to
almost 90% is possible. High, but variable, volume reduction is also possible for mixed vegetation, in-
cluding leaf litter, grass, etc., in the range of around 54 - 65%. For compact timber, however, due to its
density the potential for volume reduction is very limited (< 10%).

The volume and weight of organic material could also be reduced by drying or incineration, which may
be combined with high temperature fermentation. This has the additional potential benefit that dried
organic material or ash will have a reduced rate of biodegradation during storage. For incineration, in
particular, it is important to ensure that radioactivity is not released in off-gases, so these need to be
passed through efficient filters (e.g. HEPA filters). This has been shown in practice to reduce the Cs
concentration in exhaust to levels below detection limits. An overview of typical results of such tech-
niques is shown in Table 14.

Plants and animal manure can also be treated to reduce volume by various forms of composting. How-
ever, all such technology has been tested to date only on a laboratory scale. For reduction of the volume
of soil requiring to be disposed of, the main approach involved using measured profiles to determine
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The starting point for managing waste involves its classification (Table 13), including both primary con-
taminated material and secondary wastes resulting from the decontamination processes (e.g. shot-
blasting materials for surface stripping, filters and precipitates from water decontamination, contami-
nated clothing, etc.).
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Inorganic (residential paving, etc.) Stones and gravel

Inorganic (materials from surface stripping) Blasting materials, peelable strippers

Inorganic (asphalt) Road surface, pavements

Inorganic (secondary wastes) Plastic sheets, filters (masks and water treatment filters)

C
om

bu
st

ib
le

de
co

n-
ta

m
in

at
io

n
w

as
te

s

Organic (vegetation)
Grass (turf grass, moss, weeds, etc.)

Timber, branches and leaves (bamboo, pruned
branches, etc.)

Other flammable wastes generated as a re-
sult of decontamination work Tyvek® packaging, waste cloth, etc.

For each individual decontamination technique, the quantity of waste (volume, weight) in each class can
be determined, along with average contamination level (Bq / unit weight or volume) and surface gamma
dose of packaged waste.

Waste handling and treatment44)

A key waste treatment challenge is management of liquid wastes – both primary contaminated water
(e.g. from outdoor swimming pools) and that resulting from decontamination procedures. In the latter
case, it is important first to focus on avoiding such waste by decontamination of surfaces avoiding use
of fluids (dry-stripping of paint combined with HEPA filtration, shot blasting, dry ice blasting) or otherwise
minimising use of fluids by increasing efficiency (high pressure jet with recirculation of water; use of
surfactants, microbubbles and ozonation). These options have been tested at the decontamination pro-
ject sites and in supporting laboratory studies.

In order to allow free release of water to normal drainage or sewage systems, the concentration of
radiocaesium was reduced to below about 200 Bq l-1 and a range of approaches have been examined
to achieve this – including various combinations of filtration, ion-specific sorption, precipitation and co-
agulation of suspended material (Figure 2-27).

Due to the well-established association of Cs with particulate phases, filtration or coagulation and pre-
cipitation are often sufficient. In any case, all approaches examined were able to reduce Cs in solution
to below detection limit – which was well below the free release limit.

For solid wastes, volume reduction is implemented wherever practical. For trees, high-pressure washing
may be an option, but for most other vegetation, litter collection, trimming or clear-cutting may be the
most effective methods for reducing dose. For foliage, in particular, significant volume reduction can be
achieved by mechanical shredding / chipping, which was implemented at several of the DPP sites. Some
of the volume reduction methods are illustrated in Figure 2-28.

Figure 2-27: Decontamination of liquid waste: flow chart and equipment

Figure 2-28: Illustration of some volume reduction methods for solid organic waste

In practice, these techniques are combined with appropriate measures to manage dust (reducing both
contamination of workers’ clothing and spread of contaminated material by wind). Such volume reduc-
tion methods are particularly suited to branches, shrubs, small trees, etc., where reduction of up to
almost 90% is possible. High, but variable, volume reduction is also possible for mixed vegetation, in-
cluding leaf litter, grass, etc., in the range of around 54 - 65%. For compact timber, however, due to its
density the potential for volume reduction is very limited (< 10%).

The volume and weight of organic material could also be reduced by drying or incineration, which may
be combined with high temperature fermentation. This has the additional potential benefit that dried
organic material or ash will have a reduced rate of biodegradation during storage. For incineration, in
particular, it is important to ensure that radioactivity is not released in off-gases, so these need to be
passed through efficient filters (e.g. HEPA filters). This has been shown in practice to reduce the Cs
concentration in exhaust to levels below detection limits. An overview of typical results of such tech-
niques is shown in Table 14.

Plants and animal manure can also be treated to reduce volume by various forms of composting. How-
ever, all such technology has been tested to date only on a laboratory scale. For reduction of the volume
of soil requiring to be disposed of, the main approach involved using measured profiles to determine
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depth of penetration of radiocaesium and then using a technique which removed only the most contam-
inated material. Indeed, when contamination levels were low, deep ploughing or rotovation could be
considered as management options which produced no waste and allow radiation dose to be reduced
by the natural shielding contaminated soil.

Table 14: Volume reduction via incineration and drying

Target wastes Method/Test Volume reduction

Undergrowth, branches and leaves

High-temperature incinerator (Iitate)
(29 kg h-1, 800 ºC or higher)

> 96%

High-temperature incinerator (Okuma)
(49 kg h-1, 800 - 850 ºC)

> 96%

Soil and sand mixed with roots
Rotary drier (Minamisoma)

(low-temperature incineration, 250 - 400 ºC)
75 - 90%

Note that, in principle, soil with low levels of contamination could be transported for use as cover in
areas with higher radioactivity levels but, due to restrictions during the Decontamination Pilot Project,
this option could not be implemented. Additionally, a scanning technique (Figure 2-29) has been tested
at one location that allowed excavated soil to be separated into higher radioactivity material, which is
packaged for disposal, and lower radioactivity material which is returned to the field.

Figure 2-29: Schematic sketch of soil scanning technique

A number of soil decontamination treatments were tested on the laboratory scale, including:

high temperature (1300 °C) Cs extraction;
washing to remove fine clay particles;
milling and washing to remove fines, with or without additional heat treatment at 700 °C;
cavitation jet and microbubble separation processes;
organic acid extraction; and
separation based on activity levels.

These are, however, costly and have not, as yet, been tested at an industrial scale.
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Figure 2-28: Illustration of some volume reduction methods for solid organic waste
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tion methods are particularly suited to branches, shrubs, small trees, etc., where reduction of up to
almost 90% is possible. High, but variable, volume reduction is also possible for mixed vegetation, in-
cluding leaf litter, grass, etc., in the range of around 54 - 65%. For compact timber, however, due to its
density the potential for volume reduction is very limited (< 10%).

The volume and weight of organic material could also be reduced by drying or incineration, which may
be combined with high temperature fermentation. This has the additional potential benefit that dried
organic material or ash will have a reduced rate of biodegradation during storage. For incineration, in
particular, it is important to ensure that radioactivity is not released in off-gases, so these need to be
passed through efficient filters (e.g. HEPA filters). This has been shown in practice to reduce the Cs
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by the natural shielding contaminated soil.
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High-temperature incinerator (Iitate)
(29 kg h-1, 800 ºC or higher)
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High-temperature incinerator (Okuma)
(49 kg h-1, 800 - 850 ºC)

> 96%

Soil and sand mixed with roots
Rotary drier (Minami Soma)

(low-temperature incineration, 250 - 400 ºC)
75 - 90%

Note that, in principle, soil with low levels of contamination could be transported for use as cover in
areas with higher radioactivity levels but, due to restrictions during the Decontamination Pilot Project,
this option could not be implemented. Additionally, a scanning technique (Figure 2-29) has been tested
at one location that allowed excavated soil to be separated into higher radioactivity material, which is
packaged for disposal, and lower radioactivity material which is returned to the field.

Figure 2-29: Schematic sketch of soil scanning technique

A number of soil decontamination treatments were tested on the laboratory scale, including:

high temperature (1300 °C) Cs extraction;
washing to remove fine clay particles;
milling and washing to remove fines, with or without additional heat treatment at 700 °C;
cavitation jet and microbubble separation processes;
organic acid extraction; and
separation based on activity levels.

These are, however, costly and have not, as yet, been tested at an industrial scale.
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Packaging and transport of solid waste
Either with or without the volume reduction discussed in the previous section, solid waste is simply
loaded into large flexible bags, labelled and then transported to a temporary storage location (Figure 2-
30).

Figure 2-30: Flexible container and labelling system for packages and transport vehicles

These flexible bags have a volume of up to about 1 m3 and are strong enough to be lifted even when
full of wet soil (up to about 2.5 tonnes). They can be sealed to prevent release of dust, but cannot be
considered gas or water-tight. They are labelled with either a robust conventional tag or an electronic
readable chip, which contains a sample location code, date, description of contents, weight and surface
dose rate.

Packaged waste is transported by truck to local temporary storage sites, with routes being selected to
simplify logistics, subject to constraints set by available roads, earthquake or tsunami damage and the
wishes of local government or residents. Transport trucks are operated to minimise risk of contamination
from the flexible bags and have appropriate warning signs. Both the trucks and the transport routes are
monitored to assure that no spread of contamination occurs.

2.7 Temporary storage
For regulatory and acceptance reasons, it was necessary to establish temporary storage facilities at
each of the decontamination project sites – at locations agreed with local communities and land owners
(Table 15).

It was planned that the waste temporarily stored will be transferred to centralised interim storage facili-
ties which commence receiving the waste in January 2015. The safety of such temporary stores is a
very sensitive issue and hence the design and operation of such facilities is described in some detail.

メタルタグ付
・除染日時
・除染場所
・内容物

トレーサビリティ
を確保
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Table 15: Locations and sizes of temporary waste storage sites within the decontaminated areas

Targeted area for decontamination Temporary storage location
Area

(103 m2)

Minamisoma City Kanabusa Elementary School Neighbouring playground 14

Kawamata Town Sakashita Area cleared within national forest 7

Namie Town
Tsushima Tsushima Junior High School playground 4

Gongendo Playground 10

Iitate Village

Kusano

Public space in the Iitate Mu-
nicipal office, Kikuchi Manu-

facturer`s company yard,
Hayashi Factory yard

Public industrial waste disposal site 5

Tamura City Jikenjyo Neighbouring private land 1

Katsurao Village Katsurao municipal office Public playground 4

Tomioka Town
Yonomori Park Yonomori Park 3

Tomioka Dai-ni Junior High
School Tomioka Dai-ni Junior High School playground 2

Hirono Town Chuodai / Nawashirogae Town-owned waste storage site 5

Okuma Town
Okuma municipal office

Town-owned baseball ground 11
Ottozawa

Naraha Town
Minami Industrial Complex Town-owned neighbouring land 1

Kamishigeoka Private neighbouring land 3

Kawauchi Village Kainosaka Village-owned neighbouring land 3

Storage facility requirement and concept
The storage facility is intended to shield the radiation from packaged waste and ensure that such waste
is protected until it can be transferred to interim storage facilities. The essential requirements are thus
to have sufficient all round cover by uncontaminated material (1-2 m of soil reduces gamma dose by
factors of 103 to 106). The main concerns in terms of external disruption are associated with Cs release
due to rainfall or flooding, which can be avoided by use of impermeable layers above and below waste.
For the case that any water does penetrate, a drainage system and water collection tank ensures that
it can be checked to ensure that it does not contain significant levels of contamination (in such a case it
would be treated before release). As this area is also subject to earthquakes, barrier geometry is de-
signed to reduce their vulnerability to ground motion.

As much of the waste stored is organic, biodegradation and resultant gas production is also a concern.
In general, keeping the waste dry will reduce the extent of such degradation but, in case it occurs, gas
vents can be included to avoid barrier disruption due to gas pressurisation.

As general management measures, the storage site would be surrounded by a fence and signs to avoid
unauthorised access and continuous monitoring of water and air would also be included. An illustration
of such a concept is provided in Figure 2-31.

Packaging and transport of solid waste
Either with or without the volume reduction discussed in the previous section, solid waste is simply
loaded into large flexible bags, labelled and then transported to a temporary storage location (Figure 2-
30).

Figure 2-30: Flexible container and labelling system for packages and transport vehicles

These flexible bags have a volume of up to about 1 m3 and are strong enough to be lifted even when
full of wet soil (up to about 2.5 tonnes). They can be sealed to prevent release of dust, but cannot be
considered gas or water-tight. They are labelled with either a robust conventional tag or an electronic
readable chip, which contains a sample location code, date, description of contents, weight and surface
dose rate.

Packaged waste is transported by truck to local temporary storage sites, with routes being selected to
simplify logistics, subject to constraints set by available roads, earthquake or tsunami damage and the
wishes of local government or residents. Transport trucks are operated to minimise risk of contamination
from the flexible bags and have appropriate warning signs. Both the trucks and the transport routes are
monitored to assure that no spread of contamination occurs.

2.7 Temporary storage
For regulatory and acceptance reasons, it was necessary to establish temporary storage facilities at
each of the decontamination project sites – at locations agreed with local communities and land owners
(Table 15).

It was planned that the waste temporarily stored will be transferred to centralised interim storage facili-
ties which commence receiving the waste in January 2015. The safety of such temporary stores is a
very sensitive issue and hence the design and operation of such facilities is described in some detail.
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Figure 2-31: Temporary store concept and management components

Design and operation
Temporary storage sites are selected in agreement with local government and landowners, based on
ability to assure safety (e.g. proximity to residential areas) and also practicality in terms of access and
logistics of transport from location of waste generation.

The details of the design are tailored to the topography of the volunteered site, ground conditions and
the volume of waste to be handled, which results in distinct design variants for flat areas (on surface or
sub-surface) and for sloping sites (inclined and stepped). In all cases, there is an impermeable base
and surface cover and soil backfill to provide shielding. It is not possible to make such structures com-
pletely watertight, so drainage is incorporated in all cases – either with gravity flow or a pump. Drainage
is monitored and captured in a sump for any required treatment to ensure clearance levels are met for
any releases to domestic or industrial sewage systems (Figure 2-32).

Figure 2-11: Tailoring temporary store design to site characteristicsFigure 2-32: Tailoring temporary store design to site chraacteristics

Table 15: Locations and sizes of temporary waste storage sites within the decontaminated areas

Targeted area for decontamination Temporary storage location
Area

(103 m2)

Minamisoma City Kanabusa Elementary School Neighbouring playground 14

Kawamata Town Sakashita Area cleared within national forest 7

Namie Town
Tsushima Tsushima Junior High School playground 4

Gongendo Playground 10

Iitate Village

Kusano

Public space in the Iitate Mu-
nicipal office, Kikuchi Manu-

facturer`s company yard,
Hayashi Factory yard

Public industrial waste disposal site 5

Tamura City Jikenjyo Neighbouring private land 1

Katsurao Village Katsurao municipal office Public playground 4

Tomioka Town
Yonomori Park Yonomori Park 3

Tomioka Dai-ni Junior High
School Tomioka Dai-ni Junior High School playground 2

Hirono Town Chuodai / Nawashirogae Town-owned waste storage site 5

Okuma Town
Okuma municipal office

Town-owned baseball ground 11
Ottozawa

Naraha Town
Minami Industrial Complex Town-owned neighbouring land 1

Kamishigeoka Private neighbouring land 3

Kawauchi Village Kainosaka Village-owned neighbouring land 3

Storage facility requirement and concept
The storage facility is intended to shield the radiation from packaged waste and ensure that such waste
is protected until it can be transferred to interim storage facilities. The essential requirements are thus
to have sufficient all round cover by uncontaminated material (1-2 m of soil reduces gamma dose by
factors of 103 to 106). The main concerns in terms of external disruption are associated with Cs release
due to rainfall or flooding, which can be avoided by use of impermeable layers above and below waste.
For the case that any water does penetrate, a drainage system and water collection tank ensures that
it can be checked to ensure that it does not contain significant levels of contamination (in such a case it
would be treated before release). As this area is also subject to earthquakes, barrier geometry is de-
signed to reduce their vulnerability to ground motion.

As much of the waste stored is organic, biodegradation and resultant gas production is also a concern.
In general, keeping the waste dry will reduce the extent of such degradation but, in case it occurs, gas
vents can be included to avoid barrier disruption due to gas pressurisation.

As general management measures, the storage site would be surrounded by a fence and signs to avoid
unauthorised access and continuous monitoring of water and air would also be included. An illustration
of such a concept is provided in Figure 2-31.
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In all cases there are trade-offs associated with the different design variants. For example, above ground
variants have advantages in terms of speed of implementation, ease of waste recovery and ease of
passive drainage whereas underground (or “semi-underground”) variants provide greater shielding and
greater robustness to earthquakes and surface perturbations. The underground storage type design
was used at the city of Minamisoma, whilst above ground designs were used at Kawauchi Village (on
slope) and Naraha Town. Construction and operation of such facilities involves fairly standard engineer-
ing practice, complicated only by the special precautions needed for the handling of radioactive materi-
als (Figure 2-33).

Figure 2-33: Temporary storage operation (top) and radioactivity monitoring (air and water - bottom)

If waste packages are well characterised, emplacement can be optimised to improve the stability of
structures (e.g. as a response to mechanical slumping) and reduce the external dose rate by emplacing
lower radioactivity packages outside to shield those with higher radioactivity levels emplaced inside.

Closure and monitoring
When all waste is emplaced and the cover is completed, the temporary storage facility is effectively
closed, but is still subject to site control and, in case of any problems, decontamination actions can be
taken.

A particular challenge with such designs will be ensuring robust performance despite the inevitable
degradation of both waste and containment structures that will occur. Biodegradation with the formation
of gas is a particular concern and ventilation is provided in the designs to avoid damage to structures
as a result of gas pressurisation. Gases may be flammable (methane, hydrogen) and hence may need
to be carefully monitored / managed to reduce fire or explosion risks. In the case of large quantities of
organic material, monitoring of temperature may also be needed to ensure that any threat of spontane-
ous combustion is identified in advance.

An integrated approach to monitoring has been developed which includes:

electronic sensors (wired or wireless) to measure key characteristics of the evolution of the
storage facility and any liquids of gases escaping from containment;

base stations that provide robust power supply for sensors (e.g. solar / long-life battery) and
wireless communication with a central control centre;

Figure 2-31: Temporary store concept and management components

Design and operation
Temporary storage sites are selected in agreement with local government and landowners, based on
ability to assure safety (e.g. proximity to residential areas) and also practicality in terms of access and
logistics of transport from location of waste generation.

The details of the design are tailored to the topography of the volunteered site, ground conditions and
the volume of waste to be handled, which results in distinct design variants for flat areas (on surface or
sub-surface) and for sloping sites (inclined and stepped). In all cases, there is an impermeable base
and surface cover and soil backfill to provide shielding. It is not possible to make such structures com-
pletely watertight, so drainage is incorporated in all cases – either with gravity flow or a pump. Drainage
is monitored and captured in a sump for any required treatment to ensure clearance levels are met for
any releases to domestic or industrial sewage systems (Figure 2-32).
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a central database that integrates all monitoring data in a user-friendly manner and provides an
alarm in the event of any significant perturbation of performance;

a system that provides for site inspection to allow identification of any potential perturbations –
either as a result of gradual processes (e.g. intrusion by burrowing animals) or specific events
(e.g. large earthquakes or typhoon flooding); and

administrative control to limit site access and the risk of accidental anthropogenic disturbance.

Some problems have been experienced in terms of leakage of contaminated water, slumping due to
waste compaction and increases in temperature, probably resulting from biodegradation of organic ma-
terial and/or the melting of frozen soil. In the spring, as temperatures rose above freezing, water collec-
tion tanks were filled with water generated by melting frozen soil that had built up during the winter. This
will be discussed further in Part 2.

2.8 Worker health and safety
The Decontamination Pilot Project was implemented under considerable time pressure, yet the record
of worker safety was very good, despite involving extensive manual work together with operation of
heavy machinery. Although radiation was not generally at a level where strict radiation protection
measures were needed, the aim was to err on the conservative side and provide high levels of both
personal protective equipment (PPE) and monitoring / support infrastructure to ensure that no significant
radiation exposure was registered.

A special challenge arose for the need (and explicit desire) to use local workers wherever possible and,
otherwise, use a “normal” workforce – due to both the lack of availability of qualified radiation workers
and the extra costs involved. Inevitably, therefore, there was a major requirement for education – both
to ensure safe working practice in a radioactive environment and also to reduce the concern of the
workers, who are unfamiliar with such conditions.

Control area screening
A key role in radiation protection was provided by the access control areas, which were set up at three
points (“North” in Minamisoma City, “West” in Tamura City and “South” in Naraha Town). At each of
these, special screening facilities were established (2 in special prefabricated buildings, one in a gym-
nasium) which provided control of all vehicle and manpower access, changing rooms for contaminated
area working clothes and equipment to ensure no contamination was spread from the working area
(Figure 2-34). Personal dosimeters were also distributed at the beginning of every day and collected at
the end of work at these locations.

Figure 2-34: Vehicle and worker screening at the access control areas

Radiation exposure countermeasures
The two key components of countermeasures to avoid excessive radiation exposure were use of ap-
propriate PPE and rigorous monitoring of accumulated radiation dose by personal dosimeters. The PPE

In all cases there are trade-offs associated with the different design variants. For example, above ground
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passive drainage whereas underground (or “semi-underground”) variants provide greater shielding and
greater robustness to earthquakes and surface perturbations. The underground storage type design
was used at the city of Minamisoma, whilst above ground designs were used at Kawauchi Village (on
slope) and Naraha Town. Construction and operation of such facilities involves fairly standard engineer-
ing practice, complicated only by the special precautions needed for the handling of radioactive materi-
als (Figure 2-33).
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structures (e.g. as a response to mechanical slumping) and reduce the external dose rate by emplacing
lower radioactivity packages outside to shield those with higher radioactivity levels emplaced inside.

Closure and monitoring
When all waste is emplaced and the cover is completed, the temporary storage facility is effectively
closed, but is still subject to site control and, in case of any problems, decontamination actions can be
taken.

A particular challenge with such designs will be ensuring robust performance despite the inevitable
degradation of both waste and containment structures that will occur. Biodegradation with the formation
of gas is a particular concern and ventilation is provided in the designs to avoid damage to structures
as a result of gas pressurisation. Gases may be flammable (methane, hydrogen) and hence may need
to be carefully monitored / managed to reduce fire or explosion risks. In the case of large quantities of
organic material, monitoring of temperature may also be needed to ensure that any threat of spontane-
ous combustion is identified in advance.

An integrated approach to monitoring has been developed which includes:

electronic sensors (wired or wireless) to measure key characteristics of the evolution of the
storage facility and any liquids of gases escaping from containment;

base stations that provide robust power supply for sensors (e.g. solar / long-life battery) and
wireless communication with a central control centre;
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used was based on that commonly utilised in the nuclear industry (Figure 2-35), tailored as required to
the level of radiation in the location involved. For some decontamination work, dust is a particular con-
cern and, based on measurements by air samplers, either a half-face or full-face mask would be worn.

Figure 2-35: PPE used during decontamination projects

Radiation dose measurements are recorded for – and communicated to – each individual worker. Rec-
ords are also maintained on a central electronic database, which records the worker exposure for dif-
ferent decontamination activities in different areas. A summary of total accumulated doses is shown in
Table 16 and plotted in Figure 2-36. The latter shows that approximately 3% (100 out of 3000) workers
accumulated doses in excess of 1 mSv during their work term.

Although the focus was on external gamma exposure, internal exposure was checked by use of whole
body monitors. Of about 3000 workers tested, none indicated exposure above the limit of detection (1
mSv) – which was compatible with the protection to avoid ingestion, particularly in dusty conditions.

Conventional safety
The approach to assuring conventional safety and worker health was essentially the same as in general
construction work. Safety equipment, such as protective helmets, goggles, dust mask, gloves, safety
shoes and other protective clothing, was used to prevent accidents and minimise their consequences
in decontamination work. To prevent falls, rope, safety belts, etc. were used during work in high places.
For work with the heavy equipment, regular inspection and operation by qualified personnel was assured.

In this Decontamination Pilot Project, the following health actions were implemented:

verification of worker name, address, contact, years of experience and qualifications, status of
health (blood pressure, presence or absence chronic disease) as well as assuring medical ex-
amination during hiring process;

regular checks of the health status of workers (blood pressure, etc.) and implementation of
warm-up gymnastics at the morning assembly;

assure regular vacation time; and

providing rest areas nearby (except Ottozawa area in Okuma Town where air dose was high)
to allow breaks to be taken in a relaxing environment.

a central database that integrates all monitoring data in a user-friendly manner and provides an
alarm in the event of any significant perturbation of performance;

a system that provides for site inspection to allow identification of any potential perturbations –
either as a result of gradual processes (e.g. intrusion by burrowing animals) or specific events
(e.g. large earthquakes or typhoon flooding); and

administrative control to limit site access and the risk of accidental anthropogenic disturbance.

Some problems have been experienced in terms of leakage of contaminated water, slumping due to
waste compaction and increases in temperature, probably resulting from biodegradation of organic ma-
terial and/or the melting of frozen soil. In the spring, as temperatures rose above freezing, water collec-
tion tanks were filled with water generated by melting frozen soil that had built up during the winter. This
will be discussed further in Part 2.

2.8 Worker health and safety
The Decontamination Pilot Project was implemented under considerable time pressure, yet the record
of worker safety was very good, despite involving extensive manual work together with operation of
heavy machinery. Although radiation was not generally at a level where strict radiation protection
measures were needed, the aim was to err on the conservative side and provide high levels of both
personal protective equipment (PPE) and monitoring / support infrastructure to ensure that no significant
radiation exposure was registered.

A special challenge arose for the need (and explicit desire) to use local workers wherever possible and,
otherwise, use a “normal” workforce – due to both the lack of availability of qualified radiation workers
and the extra costs involved. Inevitably, therefore, there was a major requirement for education – both
to ensure safe working practice in a radioactive environment and also to reduce the concern of the
workers, who are unfamiliar with such conditions.

Control area screening
A key role in radiation protection was provided by the access control areas, which were set up at three
points (“North” in Minamisoma City, “West” in Tamura City and “South” in Naraha Town). At each of
these, special screening facilities were established (2 in special prefabricated buildings, one in a gym-
nasium) which provided control of all vehicle and manpower access, changing rooms for contaminated
area working clothes and equipment to ensure no contamination was spread from the working area
(Figure 2-34). Personal dosimeters were also distributed at the beginning of every day and collected at
the end of work at these locations.

Figure 2-34: Vehicle and worker screening at the access control areas

Radiation exposure countermeasures
The two key components of countermeasures to avoid excessive radiation exposure were use of ap-
propriate PPE and rigorous monitoring of accumulated radiation dose by personal dosimeters. The PPE
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Table 16: Integrated worker dose records at the different decontamination areas

Decontamination
areas Targeted areas

Annual
dose
(mSv)

Work
term
(day)

Number
of work-

ers

Average dose
per worker

(mSv)

Maximum
dose per
worker
(mSv)

Minamisoma City Kanabusa elementary
school 5 78 336 0.12 0.36

Kawamata Town Sakashita 15 89 307 0.21 0.99

Namie Town
Tsushima 48 40 188 0.52 1.4

Gongendo 26 54 302 0.41 1.2

Iitate Village Kusano
Iitate municipal office

19 80 617 0.33 1.2

Tamura City Jikenjyo 4 52 237 0.02 0.12

Katsurao Village Katsurao municipal office 8 61 343 0.05 0.25

Tomioka Town
Yonomori Park 43

78 627 0.33 1.6Tomioka Dai-ni Junior High
School 32

Hirono Town Chuodai / Nawashirogae 3 116 367 0.16 0.77

Okuma Town
Okuma municipal office 65 130 223 1.6 8.5*

Ottozawa 344 108 304** 2.4 12

Naraha Town
Minami Industrial Complex 4 118 331 0.11 0.83

Kamishigeoka 11 90 206 0.12 1.3

Kawauchi Village Kainosaka 20 110 249 0.39 1.8
* The maximum dose was received by a worker who accepted bags of waste at the Ottozawa temporary storage facility in Okuma.
** Average working time at the Ottozawa site was 4 hours per day.

Figure 2-36: Distribution of doses accumulated by decontamination workers

2.9 Quality Assurance
Conventional quality management (ISO 9001 or equivalent) was implemented by each of the JVs as
they would do in a normal engineering project. A recognised challenge, however, was assuring technical
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ords are also maintained on a central electronic database, which records the worker exposure for dif-
ferent decontamination activities in different areas. A summary of total accumulated doses is shown in
Table 16 and plotted in Figure 2-36. The latter shows that approximately 3% (100 out of 3000) workers
accumulated doses in excess of 1 mSv during their work term.

Although the focus was on external gamma exposure, internal exposure was checked by use of whole
body monitors. Of about 3000 workers tested, none indicated exposure above the limit of detection (1
mSv) – which was compatible with the protection to avoid ingestion, particularly in dusty conditions.

Conventional safety
The approach to assuring conventional safety and worker health was essentially the same as in general
construction work. Safety equipment, such as protective helmets, goggles, dust mask, gloves, safety
shoes and other protective clothing, was used to prevent accidents and minimise their consequences
in decontamination work. To prevent falls, rope, safety belts, etc. were used during work in high places.
For work with the heavy equipment, regular inspection and operation by qualified personnel was assured.

In this Decontamination Pilot Project, the following health actions were implemented:

verification of worker name, address, contact, years of experience and qualifications, status of
health (blood pressure, presence or absence chronic disease) as well as assuring medical ex-
amination during hiring process;

regular checks of the health status of workers (blood pressure, etc.) and implementation of
warm-up gymnastics at the morning assembly;

assure regular vacation time; and

providing rest areas nearby (except Ottozawa area in Okuma Town where air dose was high)
to allow breaks to be taken in a relaxing environment.
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quality of novel aspects associated with quantification of radioactive contamination and the effective-
ness of decontamination. The continuous review by JAEA project managers was thus extended by use
of external expert reviewers, who were capable of working with Japanese language documentation and
complemented an earlier review of decontamination planning by the IAEA14). In addition, progress in the
Decontamination Pilot Project was regularly reported in Japanese national and international technical
publications, which provide a form of peer review and critical feedback.

Review observations
The absence of experience in environmental radioanalysis within the DPP teams was further compli-
cated by shortages of specialist equipment and lack of established analytical protocols, which meant
that radiation measurements often had to be carried out on a rather ad hoc basis. Although attempts
were made to standardise and cross-calibrate monitoring equipment, development of new tools and
monitoring of sites ran in parallel, resulting in an inherently heterogeneous measurement database. As
noted in section 2.3.2, the long range of gammas in air means that measurements sample large areas,
with potential contributions from many individual sources. This situation could be improved by use of
appropriate shielding / collimators, but this was not possible to implement widely due to lack of such
shields and the difficulty of incorporating weighty components for equipment that required to be handled
in the complex, poorly accessible locations being decontaminated.

A further problem was the range of different equipment (scintillators, semiconductors and ionisation
chambers) and measurement approaches (at 1 m, 50 cm or 1 cm) used to measure gamma dose rate
in air. These have different efficiencies and sensitivities to geometry and environmental variables, mak-
ing measurements very difficult to integrate.

Pragmatically, for many surfaces an empirical count rate from a GM detector at 1 cm separation was
used to quantify “surface contamination”. Although this is very difficult to relate to a radiocaesium con-
centration level, it may be used to provide a measure of relative decontamination efficiency – although
due to the contribution of betas to the measurement there may be significant uncertainties introduced
by environmental variables (e.g. water saturation of porous surfaces).

Samples taken for laboratory measurement were rarely fully documented and radiocaesium concentra-
tion was generally measured in “wet” conditions, rather than “dry” as is the norm in environmental sci-
ences. Variable water content could thus give significant uncertainty (e.g. up to about 50% for soil sam-
ples).

Overall, measurement quality is probably sufficient to distinguish major differences between decontam-
ination approaches and the order of magnitude of net dose reduction, but a full assessment of fine
differences is not possible due to lack of total measurement uncertainties. This experience is, however,
captured in lessons learned and used as the basis of guidelines developed by MOE for regional decon-
tamination (discussed further in Part 2).

International input
As noted above, an IAEA mission provided input for decontamination prior to initiation of the Decontam-
ination Pilot Project14). A clear problem, however, is that there is no international analogue of decontam-
ination of radiocaesium on anything like the scale considered in the Decontamination Pilot Project. Ex-
perience was noted from previous accidents – particularly Chernobyl. This proved of very little relevance,
as the only areas in the Ukraine where some form of decontamination was implemented had a com-
pletely different form of contamination (dispersed core), while areas with similar contamination levels
(Scandinavia, UK) were not decontaminated at all, e.g. (45).

To provide internal review of DPP procedures and results, therefore, JAEA used an international team
of contractors with extensive experience in the environmental behaviour of radiocaesium and radioac-
tive waste management, together with long-term familiarity with working in Japan. Such review work
was integrated with production of a short English overview of the project, which was a component of the
web-based communication platform “Clean-up Navi”29) (discussed further in Part 2).

Table 16: Integrated worker dose records at the different decontamination areas
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Conventional quality management (ISO 9001 or equivalent) was implemented by each of the JVs as
they would do in a normal engineering project. A recognised challenge, however, was assuring technical
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2.10 Public communication
As noted in section 2.2, development of dialogue with the public – especially local residents and gov-
ernment representatives – was essential to gain the permissions and agreements required to initiate the
decontamination projects. In addition, JAEA made special efforts to explain the procedures involved
(Figure 2-37) via a range of public meetings, a “Decontamination Information Plaza”46) and a range of
brochures.

A special focus was presenting information to schools (from kindergarten to junior high), with briefing to
children, teachers and parents. These are organised on request and well over 140 had been carried out
as of the end of 2012. Such activities were initiated prior to commencing the Decontamination Pilot
Project, continued during the decontamination work and included a “debriefing meeting” to present the
final results. This work is being continued by the MOE, as discussed in Part 2. To reach a wider audience,

Figure 2-12: Public information initiativesFigure 2-37: Public Information Initiatives
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differences is not possible due to lack of total measurement uncertainties. This experience is, however,
captured in lessons learned and used as the basis of guidelines developed by MOE for regional decon-
tamination (discussed further in Part 2).

International input
As noted above, an IAEA mission provided input for decontamination prior to initiation of the Decontam-
ination Pilot Project14). A clear problem, however, is that there is no international analogue of decontam-
ination of radiocaesium on anything like the scale considered in the Decontamination Pilot Project. Ex-
perience was noted from previous accidents – particularly Chernobyl. This proved of very little relevance,
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a website was established which provides an overview of the DPP work and also puts this into an inter-
national context. This is accessible in both Japanese47) and English29). Further English information is
available on the website of the JAEA Fukushima headquarters48) and also on the Japanese Ministry of
Environment website49).
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ernment representatives – was essential to gain the permissions and agreements required to initiate the
decontamination projects. In addition, JAEA made special efforts to explain the procedures involved
(Figure 2-37) via a range of public meetings, a “Decontamination Information Plaza”46) and a range of
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children, teachers and parents. These are organised on request and well over 140 had been carried out
as of the end of 2012. Such activities were initiated prior to commencing the Decontamination Pilot
Project, continued during the decontamination work and included a “debriefing meeting” to present the
final results. This work is being continued by the MOE, as discussed in Part 2. To reach a wider audience,

Figure 2-12: Public information initiativesFigure 2-37: Public Information Initiatives
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3 Decontamination Pilot Project: Overview of results
The original published Japanese summary report1) contains an overview of the work carried out, but
does not contain the full data set that is included only in the JV contractors reports. However this data-
base has not been opened to anyone outside of the three joint ventures and therefore cannot be dis-
cussed further. However, in Chapter 3, key results from the tailoring of techniques to specific targets
and general dose reduction for entire decontamination areas are presented and discussed.

3.1 Technology assessment criteria
The key specified requirements for decontamination techniques (Figure 3-1) are that they should be
relatively rapid (work is driven by the goal to allow evacuated residents return home to a normal lifestyle
as quickly as possible), efficient (producing as little waste as is practical and minimising any secondary
contamination) and effective (ensuring dose reductions).

Figure 3-1: Decontamination requirements

They should also be safe to implement, minimise environmental degradation and not entail unreasona-
ble cost (either financial or in terms of use of limited resources).

The decision of what is a preferable method – as considered further in the following sections – is com-
pletely dependent on the boundary conditions for the DPP and the geographic / climatic conditions in
the Fukushima sites, as summarised in the Chapters 1 and 2. To allow wider use of the knowledge base,
more generic characteristics of each tested approach is summarised in the “YELLOW PAGES”, which
are included in Appendix A. For each of these sheets (e.g. Figure 3-2), the approach is described along
with equipment requirements and illustrated in a couple of representative photographs. The applicability
is then summarised along with constraints that may limit its application.

The derived evaluation data are then presented in terms of:

speed of implementation, for a specified piece of equipment or team of workers;

generated waste – both volume and characteristics (note that it is recorded in the sheet as
“material removed” in recognition that, depending on subsequent processing, the actual amount
of waste may be less);

the amount of water required and the way in which it is processed;

the effectiveness in terms of a decontamination factor (DF) and / or a % gamma dose rate
reduction (if only gamma dose rate is measured for an isolated target – as in the example in Fig
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3-2 – these values are equivalent: in other cases the DF may be derived from change in meas-
ured surface count rate (including a beta contribution) and hence not directly related to gamma
dose reduction); and

cost – for the specific case of demonstrative-test implementation within the Fukushima evacu-
ated zone. As labour costs vary dramatically between countries, the absolute value given is of
little relevance outside Japan, but the relative costs are probably a good indicator that is gener-
ally applicable.

Finally, information is provided on how to tailor the approach to site conditions.

Figure 3-2: Example of technology summary “YELLOW PAGE”

3.2 Assessment of decontamination technology performance for
specific targets

As in section 2.5, the relative performance of different decontamination approaches is considered for
specific types of target and recommendations developed in terms of an assessment of general applica-
bility to Fukushima conditions. In each case, the justification of the ranking of options is explained to
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allow for the possibility that, for some specific targets, the general ranking may not be appropriate. Whilst
costs were calculated, they were not a factor in the ranking of options.

Forests
The relevant “YELLOW PAGES” for forest are included in the Appendix (pages 68 to 74). The key
characteristics of these are summarised in Table 17, which extends the information presented previously
in section 2.5.1.

Table 17: Comparison of technologies for forest decontamination

Decontamination method

Removal of
litter and hu-

mus
(flat ground)

Removal of
litter and hu-

mus
(on slopes)

Removal of
litter, humus
and topsoil
(flat ground)

Trees

Trunk
washing

Branch prun-
ing

(lower trunk)
1Distribution of radioactivity
in evergreen forest (Septem-

ber 2011)
44 – 84% Trunks: 1 –

3%
Branches and

leaves: 14 – 53%

Percentage dose reduction2 5 – 90% 5 – 90% 20 – 80% 30 – 85% No data availa-
ble4

Volume of decontamination
waste generated (l m-2) 20-90 20-90 100-200 < 1 000 per

tree

270
(non-compacted
waste volume)

Secondary contamination - - -
water infiltra-

tion to soil

foliage from
branches to for-

est floor
Effects on surrounding envi-

ronments Possibility of causing erosion on slopes

Decontamination speed
(1 person day) 50 m2 30 m2 40 m2 8 trees 40 m2

Overall eval-
uation

Deciduous
forests Highly effective Highly effective Effective Limited effect3 -

Evergreen
forests Highly effective Highly effective Effective Limited effect3 Effective

For branch pruning of trees, the dose rate was measured at a height 1 m above the ground; for other techniques the dose rate
was measured at a height of 1 cm from the ground.

1 Approximately half of the radioactivity was found to be contained in the trees, mainly on the branches and leaves. Branch trim-
ming was confined to the lower parts of trees.

2 Percentage dose reductions were calculated using the values measured before and after decontamination.
3 In most cases branch pruning was carried out simultaneously with forest floor clean-up such as litter removal, therefore dose

reduction could not be separately estimated.
4 Only used in sensitive areas such as parks.

Forest decontamination was tested at 11 different sites (See Table 2). As previously noted, the applica-
bility of specific approaches varies with the type of tree present and hence the values of dose reduction
vary significantly over wide ranges. The uncertainties associated with such numbers are highlighted by
the dose reductions reported for removal of litter (first column) and litter plus topsoil (third column) on
flat land. Although, as expected, the minimum dose reduction is higher in the latter case, the maximum
end of the range is actually lower – which appears illogical. In fact, the differences between these values
reflect the inherent variability of natural systems.

Despite uncertainties, the presence of a large component of the radiocaesium inventory in litter and its
relative ease and speed of removal makes this the recommended approach in most cases. In the case
of forest bordering residential areas, as noted in section 2.5.1, benefits at the forest edge of clearing
more than about a 10 m perimeter are negligible. In cases where contamination levels are higher, addi-
tional removal of topsoil or trimming lower branches of evergreen trees may be considered - but this not
only increases costs and time required, but also produces considerably more waste (pages 68 to 72).
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Tree trunk washing provides little benefit and would not normally be considered (page 74). However in
areas where children may be present (e.g. parks), such a process may be justified as it removes any
mobile component of the inventory that may be picked up by anyone touching the trees.

Not included in the table is clear felling, which could also be considered for highly contaminated ever-
greens. The cost and waste production for this option is highly dependent of the size of the trees involved,
but is certainly higher than for the other options and is likely to be associated with more risk of secondary
contamination and environmental impacts in terms of loss of windbreaks and slope stabilisation.

Agricultural land
The relevant “YELLOW PAGES” for agricultural land can be found on pages 75 to 81. For returning
farmers, it is critical that agricultural land is remediated to the extent that allows them to grow and sell
crops – which is an important part of the Fukushima economy. As indicated in Figure 3-350), for very low
levels of contamination (<5 kBq kg-1, defined as an average over the top 15 cm), dilution throughout the
profile by soil mixing (e.g. rotovation) is sufficient. For higher levels that fall between 5 and 10 kBq kg-1,
soil profile inversion (page 75; reversal tillage) is an option as long as the plough pan (a gravel layer
that lies below normal ploughing depths – commonly found in paddy fields) lies at sufficient depth. The
advantages of both these options are that they preserve soil – which is a valuable resource – and also
effectively avoid waste production. Otherwise, some form of soil stripping is required – the extent de-
pending on the depth profile of radiocaesium at specific sites.

Figure 3-3: Assessment of soil options

Soil mixing is a normal agricultural practice and can be done easily and quickly using conventional
agricultural tools. For reverse tillage (page 75) and soil stripping (pages 77 to 79) the technique adopted
depends on the required dose rate reduction and the efficiency and effectiveness of the different ap-
proaches. In general, however, the simplest options are preferable (Table 18) – a tractor and plough for
reverse tillage and a “hammer knife” (effectively a mechanical turf-stripper) for thin layer soil stripping.
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Table 18: Comparison of techniques for agricultural land that avoid waste production

Decontamination method
Reversal tillage

(tractor and plough)
Interchanging topsoil with subsoil

(mechanical digger)

Dose rate reduction (at 1 m) 30 – 60% ~ 65%

Secondary contamination - -

Effects on the surrounding environment - -

Tilling speed (m2 d-1 – per man) 1 100 100

Overall evaluation Effective Highly effective

For specific cases, which will depend on the size of fields, the crops grown and the specific wishes of
the landowner, other options may be considered for soil stripping – particularly when higher dose re-
ductions are required. A particular concern with these is the volume of waste generated (pages 77 to
79) and, in particular the “overbreak” (Table 19). For these cases, therefore, some form of soil sorting
to reduce carry-over of material with low levels of contamination may be justified.

Table 19: Comparison of technologies for decontaminating agricultural land

Decontamination
method

Thin-layer soil strip-
ping equipment
(hammer knife)

Mechanical Digger
(stripping thickness 5 cm)

Application of solidi-
fication agent and col-
lection by mechanical

digger

Dose rate reduc-
tion (at 1 m) 35%1 20 - 70% 40 - 70%

Volume of removed
soil

Actual volume to be re-
moved

Actual volume to be removed
and overbreak2

Actual volume to be re-
moved and overbreak2

Secondary contam-
ination - - -

Area decontami-
nated (1 person

day)

70 m2 90 m2 50 m2

Application condi-
tions

Effective for thin strip-
ping (1 cm)
Flat ground only
No use for frozen soil

Must have sufficient load
bearing capacity
Cannot strip to a depth of
less than 5 cm

Must have sufficient
load bearing capacity
No use for fields with
standing water or at or
below freezing point
1 week required for so-
lidification

Overall evaluation Effective Effective Moderately effective3

1 This low value was likely obtained due to insufficient soil depth removal.
2 The overbreak is the excess soil removed around the area that was decontaminated, due to the precision of ma-

chine operation.
3 The time required for both application of the solidification agent and meeting the correct soil conditions reduces

the overall evaluation of this technique.

For other farm land where soil treatment was not required, decontamination generally focused on mow-
ing and removal of surface vegetation (and leaf litter in orchards) – either manually or using some form
of mechanical equipment (pages 80 and 81).
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Residential areas
The relevant “YELLOW PAGES” for residential areas can be found on pages 82 to 96. The levels of
contamination on the roofs and walls of houses were generally low due to natural removal by rainfall
and hence efforts could have been focused on areas where washed-off radioactivity is captured – gut-
ters, drains, etc. However, due to public concern, all surfaces were decontaminated to reduce dose to
residents. The DPP results clearly show that the effectiveness of different techniques is very dependent
on the material involved and that particular options give problems due to either risk of secondary con-
tamination (high pressure water spraying) or low rate of application (e.g. stripping agent - Table 20).
The preferred options are, in general, simple manual brushing / wiping of surfaces (pages 82 to 85).

Table 20: Comparison of technology for decontamination of roofs

Technology information High-pressure wa-
ter jet Brushing Wiping Stripping agent

Count
rate re-
duction

Iron (baked finish) - ~ 10% ~ 10% 0 - 16%

Iron (spray finish) - ~ 30% ~ 5% 15 -18%

Clay roof tile 0 - 74% ~ 50% 0 - 77% 1 - 53%

Cement roof tile ~ 30% ~ 5% 0 - 3% 32 - 33%

Slate 22 - 32% 0 - 64% 10 - 24% 23 - 49%

Decontamination waste produced Negligible Negligible Small
(waste cloths)

Small
(stripping agent)

Secondary contamination Spray contaminates
surrounding surfaces

Almost no sec-
ondary contami-
nation occurs as
water is collected

- -

Area decontaminated (per day) > 20 m2 20 m2 < 20 m2 10 m2

Application conditions

Topsoil stripping will
be required in the
surrounding area.
Potentially water
may infiltrate through
gaps between roof
tiles.

Collection and
treatment of
wash water

Wash water treat-
ment

Requires 24 hours after
application before re-
moval can begin.

Overall evaluation

Moderately effective:
Application speed is
high, but secondary

contamination occurs
that requires treatment.

Effective Effective
Moderately effective:

Area decontaminated is
not large and takes time.

For gutters, drains and surrounding garden areas which accumulate run-off, high pressure washing and,
if required, removal of contaminated solids (soil, gravel, pebbles) is implemented (pages 82 to 88). Gar-
dens are decontaminated to achieve desired dose reduction by trimming trees and bushes (effectively
in the same manner as for forest – page 90) and soil removal / turf stripping (similar to agricultural land
– page 89). Paved areas can be decontaminated by manual brushing, high-pressure washing or surface
abrasion (sanding), depending on the nature of the surface and the extent of penetration of Cs into the
material (pages 91 to 92).

Roads and other targets in built-up areas
A range of decontamination techniques have been tested for different types of paved surface and level
of contamination. An overview of key results is presented in Table 21.

For asphalt surfaces, the recommended option is ultra-high-pressure washing (page 103), although
simple sweeping (page 97) or lower pressure washing (page 98) may be appropriate if contamination
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For gutters, drains and surrounding garden areas which accumulate run-off, high pressure washing and,
if required, removal of contaminated solids (soil, gravel, pebbles) is implemented (pages 82 to 88). Gar-
dens are decontaminated to achieve desired dose reduction by trimming trees and bushes (effectively
in the same manner as for forest – page 90) and soil removal / turf stripping (similar to agricultural land
– page 89). Paved areas can be decontaminated by manual brushing, high-pressure washing or surface
abrasion (sanding), depending on the nature of the surface and the extent of penetration of Cs into the
material (pages 91 to 92).

Roads and other targets in built-up areas
A range of decontamination techniques have been tested for different types of paved surface and level
of contamination. An overview of key results is presented in Table 21.

For asphalt surfaces, the recommended option is ultra-high-pressure washing (page 103), although
simple sweeping (page 97) or lower pressure washing (page 98) may be appropriate if contamination
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levels are low and there has been little depth penetration. Surface abrasion (pages 100 to 103) or strip-
ping (page 104) may be applied to more contaminated roads with deeper Cs penetration, but these are
more costly and produce significantly more waste. In cases where the road surface is damaged and
penetration is much deeper, complete resurfacing is an option, especially if the road condition was such
that resurfacing would be needed at some point in any case.

Table 21: Comparison of technology for cleaning asphalt roads

Decontamina-
tion method

1Water-jet ve-
hicle

High-pressure
water jet

(10 – 20 MPa)

1Ultra-high-pres-
sure water jet

(240 MPa)

2Shot blast-
ing

3Surface
stripping

Count rate reduc-
tion

40– 70% 40 – 65% 40 – 95% 60 – 95% 95% or higher

Volume of waste 50 l m-2 0.03-0.04 l m-2 Asphalt sludge
(~ 3 l m-2)

Asphalt debris
(~ 3 l m-2)

Stripping < 5
mm is problem-

atic
(~ 8 l m-2)

Secondary con-
tamination

As almost all
wash water is

collected,
virtually no sec-
ondary contami-
nation occurs.

As almost all
wash water is

collected,
virtually no sec-
ondary contami-
nation occurs.

As almost all wash
water is collected,
virtually no secondary
contamination occurs.

Dust is col-
lected via suc-
tion but some
fine material
may be lost.

Dust is col-
lected via suc-
tion but some
fine material
may be lost.

Area decontami-
nated (m2 - per 1

person day)
1 000 50 80 170 145

Application condi-
tions

Best for
smooth sur-
faces that are
not distorted
or damaged.

Best for
smooth sur-
faces that are
not distorted
or damaged.
Roadside gut-
ter lids can
also be
washed.

Best for smooth
surfaces that are
not distorted or
damaged
Roadside drain
lids can also be
washed.

Dry surface
Best for
smooth sur-
faces that
are not dis-
torted or
damaged.

Dry surface
Best for
smooth sur-
faces that
are not dis-
torted or
damaged.

Overall evaluation

Count rate reduc-
tion depends on
the pressure. Ef-

fectiveness
largely depends
on road surface
conditions and

depth of Cs pen-
etration.

Effectiveness
largely depends
on road surface
conditions and

depth of Cs pen-
etration.

Count rate reduction
depends on the pres-
sure. Highly effective
but causes damage
& therefore should
only be used on

highly contaminated
roads.

Count rate re-
duction de-

pends on the
blasting den-

sity. Highly ef-
fective but

causes dam-
age & there-
fore should

only be used
on highly con-

taminated
roads.

Highly effective
but causes
damage &

therefore should
only be used on
highly contami-

nated roads.

1 These vehicles were equipped with water collection devices and so minimised secondary contamination.
2 These vehicles had a collection system for blast materials and therefore secondary contamination was minimal - the little that

was produced was manually collected after blasting was completed.
3 Secondary contamination was minimal as with 2.
4 The uneven condition and / or cracks in roads may reduce decontamination effectiveness.

For concrete roads (Table 22), paving or surfaces, the options are similar although penetration into the
concrete matrix (higher porosity) may be more extensive than the asphalt case. In general, the required
level or decontamination can be achieved by varying the number of applications of the technique or its
intensity (e.g. increasing water pressure).
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1 These vehicles were equipped with water collection devices and so minimised secondary contamination.
2 These vehicles had a collection system for blast materials and therefore secondary contamination was minimal - the little that

was produced was manually collected after blasting was completed.
3 Secondary contamination was minimal as with 2.
4 The uneven condition and / or cracks in roads may reduce decontamination effectiveness.

For concrete roads (Table 22), paving or surfaces, the options are similar although penetration into the
concrete matrix (higher porosity) may be more extensive than the asphalt case. In general, the required
level or decontamination can be achieved by varying the number of applications of the technique or its
intensity (e.g. increasing water pressure).
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Table 22: Comparison of technology for decontamination of concrete (roof, floor, walls)

Decontamination
method

Dust collection
sander

(concrete)

Ultra-high-pres-
sure water jet
(150 - 240 MPa)

High-pressure
water jet

(10 - 50 MPa)
Shot blasting

Count rate reduction
60 – 80%

(depends on num-
ber of applications)

~ 80%
(depends on pressure)

20 – 70%
(depends on pres-

sure)

~ 90%
(depends on shot den-

sity)

Volume of decon-
tamination waste
generated (l m-2)

Concrete debris
~ 1

Concrete debris
3

Sludge
0.02 - 0.04

Concrete debris
~ 3

Secondary contami-
nation

None. Blast mate-
rial collected via

suction.

As almost all wash wa-
ter is collected,

virtually no secondary
contamination occurs.

As almost all wash
water is collected,

virtually no second-
ary contamination

occurs.

Dust is collected via suc-
tion but some fine mate-

rial may be lost.

Area decontami-
nated

(m2 - per 1 person
day)

10 80 50 170

Application condi-
tion

Inefficient for
use on large ar-
eas
Must be dry

Not applicable for
areas such as cor-
ners where access
is limited
No use for vertical
surfaces

Should be ap-
plied carefully to
prevent scattering

Cannot be applied to
corners and narrow
sections
Difficult to apply to
vertical surfaces
Must be dry

Overall evaluation Effective Effective Effective Effective

Unpaved dirt or gravel roads can be stripped with a mechanical digger and replaced (page 106), the
stripping depth being set by the measured profile of radiocaesium. In most cases, gutters and ditches
tend to catch runoff from road surfaces and hence are a focus for decontamination – generally after the
road to avoid recontamination (page 107).

The relevant “YELLOW PAGES” for other targets in urban areas are included on pages 108 to 119. This
covers a diverse range of techniques which are not captured in the previous sections, including ap-
proaches for decontamination of:

flat roofs and roof terraces of industrial buildings (pages 108 and 109);
open ground (soil / turf stripping and reversal tillage) (pages 110 to 115);
artificial turf (page 110);
swimming pools (page 116); and
large stabilised slopes (pages 118 and 119).

Also included here is a description of sediment treatment from large-scale decontamination of water /
slurry / sludge (page 117).

3.3 Decontamination results for entire sites
Assessment of decontamination of individual targets gives a measure of the contribution to reduction of
gamma dose to residents. Figure 3-4 to Figure 3-6 tabulate both the range in dose rates before and
after decontamination and also the average values for each land use type, such as parks, residential
areas, schools, agricultural land, roads and car parks. Three locations were selected to illustrate the
decontamination effects for these different land use types: the Okuma Municipal office area in Okuma
Town, the Ottozawa area also in Okuma Town and in and around the Kanabusa Elementary school in
Minamisoma City. The first two sites in Okuma Town are examples of more highly contaminated areas.
The third decontamination target area in Minamisoma City is an example of decontamination undertaken
in a lower radiation dose area.
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Figure 3-4: Effects of decontamination at the Municipal office area, Okuma Town
Dose rates measured at 1 m height above the ground before decontamination (left) and after decontamination (right). The

ranges given include the minimum and maximum values for measured dose rates with the average (± 1 ) given in parentheses.

As can be seen from Figure 3-4 and Figure 3-5, the dose rates measured before decontamination ac-
tivities around the Okuma municipal offices ranged from between 2 and 33 µSv h-1 and for the more
rural Ottozawa area between 27 and 120 µSv h-1. In some instances the uncertainties given by the
standard deviation of the average dose rate are quite large (e.g. for roads, Figure 3-5) both before and
after decontamination work was performed. In areas surrounding the Fukushima Daiichi NPS including
Okuma Town, radiation monitoring was carried out before the accident on a monthly basis, and accord-
ing to the measurement record at the Fukushima Environmental Radioactivity Monitoring Center51), the

Figure 3-5: Effects of decontamination at the Ottozawa area, Okuma Town
Dose rates measured at 1 m height above the ground before decontamination (left) and after decontamination

(right). The ranges given include the minimum and maximum values for measured dose rates with the average (±
1 ) given in parentheses. See Figure 2-7 for land use types.

Created by JAEA based on data provided by Geospatial Information Authority of Japan.

Figure 3-4: Effects of decontamination at the Municipal office area, Okuma Town
Dose rates measured at 1 m height above the ground before decontamination (left) and after decontamination (right). The

ranges given include the minimum and maximum values for measured dose rates with the average (± 1 ) given in parentheses.

As can be seen from Figure 3-4 and Figure 3-5, the dose rates measured before decontamination ac-
tivities around the Okuma municipal offices ranged from between 2 and 33 µSv h-1 and for the more
rural Ottozawa area between 27 and 120 µSv h-1. In some instances the uncertainties given by the
standard deviation of the average dose rate are quite large (e.g. for roads, Figure 3-5) both before and
after decontamination work was performed. In areas surrounding the Fukushima Daiichi NPS including
Okuma Town, radiation monitoring was carried out before the accident on a monthly basis, and accord-
ing to the measurement record at the Fukushima Environmental Radioactivity Monitoring Center51), the

Figure 3-5: Effects of decontamination at the Ottozawa area, Okuma Town
Dose rates measured at 1 m height above the ground before decontamination (left) and after decontamination
(right). The ranges given include the minimum and maximum values for measured dose rates with the average

(± 1 ) given in parentheses. See Figure 2-7 for land use types.
Created by JAEA based on data provided by Geospatial Information Authority of Japan.

注） 上記各データは、測定点で得られた測定値をそのまま平均したものです。
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average dose rate over three months from October to December, 2010 was between 0.03 – 0.04 µSv
h-1.

Figure 3-6 illustrates dose rates for a range of land use types around the Kanabusa Elementary School
in the less highly contaminated Minamisoma City. Dose rates here measured before decontamination
activities ranged from between 0.5 and 2.8 µSv h-1.

The large scatter in the data for roads illustrated in Figure 3-5 is graphically shown in Figure 3-7. The
scatter is due to differences in measured dose, depending on proximity to forested areas. As can be
seen from the aerial photographs (Figure 3-5), measurement points that are located in close proximity
to forested areas both before and after decontamination are high, relative to locations more distant. The
large surface area of forests (particularly evergreen forests) means that they trapped significant quanti-
ties of radiocaesium from the radioactive fallout after the accident. As the half distance of radiocaesium
gammas in air is 70 m, this means that forests have a large influence on any unshielded point meas-
urements relative to locations that are not surrounded or located close to forested areas.

However, a look at the point measurements before and after decontamination for roads (Figure 3-7) in
the Ottozawa area shows that in almost all cases decontamination has effectively reduced the dose
rates, and in some cases by as much as 70 µSv h-1.

Similarly, Figure 3-8 illustrates before and after dose measurements at a school in Minamisoma City.
The scatter in the data here is much less than for the Ottozawa area in Okuma (Figure 3-6), but is still
significant. The decontamination target area in Minamisoma is not close to highly contaminated forest,
but includes a variety of land use types such as school buildings, factory, farmland, houses and after,
decontamination was complete, an underground temporary storage site, all of which create a complex
dose rate distribution. However, again, in most cases the decontamination work succeeded in reducing
dose rates. In the cases where a few measurements lie above the “no change” line, the points are mostly
within the uncertainty of the measuring instrument.

The dose rate measurement results after decontamination formed the basis for discussions with local
communities / government on the need for any follow-up decontamination work (especially for sensitive
targets such as schools, nurseries and play areas) and the decision to allow return of evacuated resi-
dents. Focused radiation monitoring is continuing in order to check that no recontamination is occurring
(e.g. due to runoff from surrounding untreated high ground). If recontamination does occur, the focussed

Figure 3-6: Effects of decontamination at Minamisoma City
Dose rates measured at 1 m height above the ground before decontamination (left) and
after decontamination (right). The ranges given include the minimum and maximum val-

ues for measured dose rates with the average (± 1 ) given in parentheses.
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monitoring will allow for appropriate counter-measures to be implemented by JAEA: more information
on this can be found in recently published information from the MOE52), and also in Part 2 of this report
(Figure 1-10).

Figure 3-7: Point measurements for dose rate before and after decontamination
work for roads in the Ottozawa area

The error bars are too small to be visible as the uncertainty on the dose measurement
(instrumental only) is 0.1 µSv h-1.

Figure 3-8: Point measurements for dose rate before and after decontamination work
for a school in the Minamisoma City

The error bars are too small to be visible as the uncertainty on the dose measurement
(instrumental only) is 0.1 µSv h-1.

It should be emphasised that such very simple estimation of annual gamma dose from radiocaesium
may be a convenient measurement parameter, but does not give a very sensitive measure of radiation
exposure, which should be assessed using a biosphere model that includes appropriate representation
of local lifestyles – especially consumption of locally-sourced food. This is, however, outside the remit
of the Decontamination Pilot Project.
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3.4 Discussion and conclusions
The knowledge base that is briefly summarised in this Chapter is described in much more detail in the
Japanese summary1) and associated JV contactor reports (however as mentioned previously these re-
ports are not openly available to the public). It is emphasised that the techniques were specifically de-
veloped for decontamination of radiocaesium from fallout, initiated > 1 year (a full growing cycle) after
the initial contamination event. The ease of measurement of gamma-emitting radiocaesium, its relatively
low radiotoxicity and high association with inorganic surfaces all contribute to the selection of the ap-
proaches tested. The extent to which the experience accumulated can be taken over for other radionu-
clides or for decontamination sooner after contamination must be carefully assessed on a case-by-case
basis.

Even for radiocaesium, the relative assessment of techniques and proposal of preferred options are
constrained by boundary conditions in Fukushima – geography, climate, industry, population density
and decontamination policy (as described previously in section 1.2) – and thus even relative assess-
ments must be seen in this context. In particular, waste management is strongly constrained by the lack
of the regulatory infrastructure and detailed facility planning required to develop a holistic approach or
optimise waste conditioning, handling, storage and disposal.

Despite such caveats, the Decontamination Pilot Project has generated unique experience on large-
scale decontamination of a populated area, carried out under intense media scrutiny. Planning proce-
dures were developed that were consistent with project boundary conditions and the progress of work
continually monitoring, using radiometric approaches tailored to the properties of the sites involved. A
wide range of decontamination techniques and associated waste volume reduction options were exam-
ined and their pros and cons established and reported in a standardised manner. Required facilities for
temporary waste storage were also implemented, again tailored to site characteristics.

Despite challenging conditions, worker safety record was good – in terms of both radiation protection
and prevention of conventional accidents. In addition, major efforts were made to communicate plans
and progress to local communities and involve them to the extent possible in decision making.

The Decontamination Pilot Project has achieved established goals but, due to limitations set by project
boundary conditions, a number of inherent limitations are acknowledged. The most significant, in terms
of interpretation of the presented knowledge base, is the incomplete assessment of errors and uncer-
tainties associated with measurements, particularly of decontamination factors. This resulted from time
pressure and lack of appropriate equipment, but is clearly an area in which improvements could be
made in the future.

Another important limitation is that each site needed to be managed in isolation and the potential for
synergy (especially related to waste management – but also optimised use of experienced teams and
special equipment) within a regional programme could not be evaluated. Again this could be an im-
portant topic for the future.
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Appendix A YELLOW PAGES
Target Method Reference Page

Fo
re

st

Forest

Ground

Flat

Manual removal of litter and
humus Forest-1 68

Humus and thin-layer topsoil
removal (stripping) Forest-2 69

Strimming Forest-3 70

Slope
Manual removal of litter and
humus Forest-4 71

Strimming Forest-5 72

Trees
Evergreen Branch trimming Forest-6 73

Evergreen, broad-
leaved trees

Trunk washing and surface
bark stripping Forest-7 74

Ag
ric

ul
tu

ra
ll

an
d

Farmland

Paddy fields, vegetable fields

Reversal tillage Agricultural land-1 75

Interchanging topsoil with
subsoil Agricultural land-2 76

Stripping a thin layer of top-
soil, collection, packaging and
transportation

Agricultural land-3 77

Thin-layer soil stripping (solid-
ification agents) Agricultural land-4 78

Thin-layer soil stripping (me-
chanical digger) Agricultural land-5 79

Mowing Agricultural land-6 80

Paddy fields, vegetable fields, fruit farm Strimming Agricultural land-7 81

R
es

id
en

tia
la

re
as

Houses

Roof Tile roof, Iron roof Surface brushing and washing Residential-1 82

Gutter
Removal of debris and wiping Residential-2 83

Debris removal followed by
high-pressure water washing Residential-3 84

Support structures Brushing Residential-4 85

Land
Garden

Unpaved Thin-layer topsoil stripping Residential-5 86

Gravel bedding Gravel stripping Residential-6 87

Pebbles High-pressure washing Residential-7 88

Turf Turf stripping Residential-8 89

Garden trees Pruning and removal of soil
around roots Residential-9 90

Paved areas Interlocking High-pressure washing Residential-10 91

Large residen-
tial buildings

Any flat concrete
area, scarcement,
stairs, terrace

Concrete surface Abrasion Residential-11 92

Non-residen-
tial buildings

Hard-packed floors,
scarcement, flat
roofs, stairs, ter-
raced areas, car
parks, pavements

Concrete surfaces,
asphalt surface

Ultra-high-pressure water jet Residential-12 93

Large flat concrete
areas, scarcement,
roads, pavements

Shot blasting (iron balls) Residential-13 94

Support struc-
tures within

residential ar-
eas

Concrete walls,
scarcement

Concrete surface

Brushing followed by high-
pressure water jet washing Residential-14 95

Hard floors, scarce-
ment, roof, stairs,
balcony

High-pressure washing Residential-15 96
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Target Method Reference Page
Pu

bl
ic

In
fra

st
ru

ct
ur

e

Roads

Asphalt

Road Sweeper Public Infrastructure-1 97

High-pressure water wash-
ing Public Infrastructure-2 98

Water-jet vehicle Public Infrastructure-3 99

Dry ice blasting Public Infrastructure-4 100

Sand blasting Public Infrastructure-5 101

Shot blasting (iron balls) Public Infrastructure-6 102

Ultra-high-pressure washing Public Infrastructure-7 103

Asphalt removal by surface
stripping machine Public Infrastructure-8 104

Asphalt removal using a
mechanical digger Public Infrastructure-9 105

Unsurfaced Gravel, soil surface Stripping of soil surface by
mechanical digger Public Infrastructure-10 106

Gutters, drains Vacuum removal of debris Public Infrastructure-11 107

Large struc-
tures

Roof and roof ter-
race

Concrete, Mortar Surface brushing and high-
pressure washing Public Infrastructure-12 108

Waterproof coating,
Waterproof sheets

Surface brushing and high-
pressure water washing Public Infrastructure-13 109

Ground Artificial turf Vacuuming filing material
from artificial turf Public Infrastructure-14 110

Large areas
with organic

cover
Turf

Thin-layer topsoil stripping Public Infrastructure-15 111

Thin-layer topsoil stripping Public Infrastructure-16 112

Thin-layer topsoil stripping Public Infrastructure-17 113

Topsoil-subsoil substitution Public Infrastructure-18 114

Turf stripping Public Infrastructure-19 115

Leisure Swimming pool
Water removal, sludge re-
moval, high-pressure water
washing, brushing

Public Infrastructure-20 116

Water treat-
ment facilities Contaminated water Sedimentation by coagula-

tion Public Infrastructure-21 117

Slope preven-
tion infrastruc-

tures

Slopes Concrete crib retain-
ing walls Strimming Public Infrastructure-22 118

Concrete crib retaining walls Vegetation and soil removal
within grating crib Public Infrastructure-23 119
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A.1 Forests

A.1.1 Manual removal of litter and humus (flat ground)

Reference Forest-1

Land use type Forest

Surface Ground

Topography Flat

Decontamination
method Manual removal of litter and humus

Content Removal of litter and humus (manual), vacuum collection, packaging and transportation

Decontamination
method outline

Initially litter and humus are gathered manually with rakes before being collected with a vacuum tanker
and then packed into flexible bags. Waste bags are transported to temporary storage by truck.

Machinery required Vacuum tanker (sucking force 100 m3 h-1), truck with loader crane

Application and Im-
plementation

Application conditions Target areas: flat forest ground

Implementation restrictions Maximum vacuum distance is 100 m

Evaluation

Material removed

Area decontaminated (1 person day) 50 m2

Volume of waste generated 20-90 l m-2

Waste type Litter, humus

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF 1.1-10

Gamma dose rate reduction 5-90%

Cost (direct implementation cost, area > 1000 m2) 530 Yen m-2

Points to note for
this decontamination

method

It is important to determine the required stripping depth before beginning decontamination
work.
Preliminary preparation is important to minimise variability of decontamination level due to a
difference in operators.
Filters are required for vacuum tankers to prevent secondary contamination.
Flammable materials such as litter and dead branches should be collected separately from
humus for volume reduction purposes.

Manual removal of humus and litter Packing into flexible waste bags
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A.1.2 Humus and thin-layer topsoil removal (stripping)

Reference Forest-2

Land use type Forest

Surface Ground

Topography Flat

Decontamination method Humus and thin-layer topsoil removal (stripping)

Content Removal of humus and topsoil (manual or mechanical), collection, packaging and transportation

Decontamination
method outline

Humus and topsoil in complex target areas (such as around roots) were stripped manually (using
brushes and hoes / trowels). For large open areas, humus and topsoil were removed with a mechani-
cal digger. Waste was placed into flexible bags and transported to temporary storage.

Machinery required Mechanical digger, truck with loader crane

Application and Imple-
mentation

Application conditions Flat ground

Implementation restrictions Not suitable for steep ground

Evaluation

Material removed

Area decontaminated (1 person day) 45 m2

Volume of waste generated 20-90 l m-2

Waste type Litter, humus, soil

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF 1.3-5

Gamma dose rate reduction 20-80%

Cost (direct implementation cost, area > 1000 m2) 890 Yen m-2

Points to note for this
decontamination method

It is important to determine the required stripping depth before decontamination work be-
gins.
Care must be taken when decontaminating complex areas (e.g. around tree roots) in order
to minimise environmental impact.
Due to the lifespan of pine needles (4-5 years on average), needle fall after decontamina-
tion work has been performed may cause recontamination.

Stripping around roots (manual) Mechanical removal with digger
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A.1.3 Strimming (flat ground)

Reference Forest-3

Land use type Forest

Surface Ground

Topography Flat

Decontamination method Strimming

Content Strimming of shrubs and small bamboo, collection, packaging and transportation

Decontamination
method outline

Undergrowth (including shrubs and small bamboo) are cut manually (using a strimmer), gathered
with rakes, and placed into net bags before being transported to temporary storage.

Machinery required Shoulder-type strimmer, truck with loader crane

Application and Imple-
mentation

Application conditions -

Implementation restrictions
No restrictions, however, when collection distance becomes large,
work efficiency decreases as transport of vegetation is performed
manually. Recommended maximum collection distance is 20 m.

Evaluation

Material removed

Area decontaminated (1 person day) 115 m2

Volume of waste generated 5-10 l m-2

Waste type Grasses, shrubs, litter

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF ―

Gamma dose rate reduction ―

Cost (direct implementation cost, area > 1000 m2) 160 Yen m-2

Points to note for this
Decontamination method

This process, which has little decontamination effect, due to the fact that the undergrowth
that was removed grew only after the accident had taken place. Therefore this was prelimi-
nary work for topsoil stripping.
Undergrowth should be cut as close to the soil surface as possible to maximise volume re-
duction potential.
The decontamination procedures described here may have to be repeated annually for a
period of up to 3 years for evergreen forests.

Strimming Net collection bags
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A.1.4 Manual removal of litter and humus (slopes)

Reference Forest-4

Land use type Forest

Surface Ground

Topography Slope

Decontamination method Manual removal of litter and humus

Content Removal of litter and humus (manual), vacuum tanker collection， packaging and transportation

Decontamination method
outline

Initially litter and humus are gathered manually with rakes before being collected with a vacuum
tanker and then packed into flexible waste bags. Waste bags are transported to temporary storage
by truck.

Machinery required Vacuum tankers (sucking force 100 m3 h-1), truck with loader crane

Application and Imple-
mentation

Application conditions Target areas: slopes behind houses and within forests

Implementation restrictions Maximum vacuum distance is 100 m

Evaluation

Material removed

Area decontaminated (1 person day) 30 m2

Volume of waste generated 20-90 l m-2

Waste type Litter, humus

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Actual Decontamination
DF 1.1-10

Gamma dose rate reduction 5-90%

Cost (direct implementation cost, area > 1000 m2) 760 Yen m-2

Points to note for this
Decontamination method

In addition to consideration of the soil stripping depth, protection measures may need to be
considered in order to avoid slope failure.
Preliminary preparation is important to minimise variability of decontamination level due to
a difference in operators.
Filters are required for vacuum tankers to prevent secondary contamination.
Flammable materials such as litter and dead branches should be collected separately from
humus for volume reduction purposes.

Vacuum removal of litter Vacuum vehicles
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A.1.5 Strimming (slopes)

Reference Forest-5

Land use type Forest

Surface Ground

Topography Slope

Decontamination method Strimming

Content Strimming of undergrowth (shrubs and small bamboo), collection, packaging and transportation

Decontamination
method outline

Undergrowth (including shrubs and small bamboo) is cut manually (using a strimmer) and gathered
together with forest floor litter using rakes. The vegetation is then collected firstly in net bags before
being packed into flexible bags and transported to temporary storage.

Machinery required Shoulder-type strimming machine, truck with loader crane

Application and Imple-
mentation

Application conditions Target areas: slopes behind houses and within forests

Implementation re-
strictions

No restrictions, however, when collection distance becomes large, work
efficiency decreases as transport of vegetation is performed manually.
Recommended maximum collection distance is 20 m.

Evaluation

Material removed

Area decontaminated (1 person day) 80 m2

Volume of waste generated 5-10 l m-2

Waste type Grasses, shrub, litter

Water treatment re-
quired

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF ―

Gamma dose rate reduction ―

Cost (direct implementation cost, area > 1000 m2) 280 Yen m-2

Points to note for this
decontamination method

This process, which has little decontamination effect due to the fact that the undergrowth
that was removed grew only after the accident had taken place. Therefore this was prelimi-
nary work for topsoil stripping.
Undergrowth should be cut as close to the soil surface as possible to maximise volume re-
duction potential.
The decontamination procedures described here may have to be repeated annually for a
period of up to 3 years for evergreen forests.

Litter removal after strimming has taken place
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A.1.6 Branch trimming

Reference Forest-6

Land use type Forest

Surface Trees

Sub category Evergreen

Decontamination method Branch trimming

Content Trimming, collection, packaging and transportation

Decontamination
method outline

Using either ladders or a high platform, branches from lower parts of trees are cut manually (using
chain saws or shears). Branches are manually cut into smaller pieces and packed into flexible
bags. Waste bags are transported to temporary storage by trucks with loader cranes.

Machinery required High platform, chain saws, truck with loader crane

Application and Implemen-
tation

Application conditions -

Implementation re-
strictions Use of high platforms requires relatively flat ground

Evaluation

Material removed

Area decontaminated
(1 person day)

40 m2

Volume of waste generated
~ 270 l m-2

(with no volume reduction performed)

Waste type Branches

Water treatment re-
quired

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination

DRRF 1.2 - 2.1

Gamma dose rate reduction
at 1 m height

14-53%

Cost (direct implementation cost, area > 1000 m2) 580 Yen m-2

Points to note for this De-
contamination method

Volume reduction easily performed.
Safety measures should be implemented for working at height.

Trimming with ladders Trimming from a high platform
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A.1.7 Tree trunk washing and surface bark stripping

Reference Forest-7

Land use type Forest

Surface Trees

Sub category Evergreen, broad-leaved trees

Decontamination method Tree trunk washing and surface bark stripping

Content Tree trunk high-pressure washing

Decontamination
method outline

High-pressure washing of tree trunks from the ground level to a height of 3 m using a high platform
tower. Topsoil stripping is performed after trunk washing.

Machinery required Nozzle-type high-pressure washing machine (~ 8 MPa), high platform

Application and Implemen-
tation

Application conditions -

Implementation re-
strictions Requires low tree spacing density and relatively flat ground

Evaluation

Material removed

Area decontaminated (1 person day) 8 trees

Volume of waste generated < 1 000 l per tree

Waste type Bark

Water treatment re-
quired

Volume of water used ~ 100-300 l per tree

Collection method After washing, collection by
stripping humus and topsoil.

Collection rate 0%

Decontamination
DF 1.4-6.7

Gamma dose rate reduction 30-85%*

Cost (direct implementation cost, area > 1000 m2) 3390 Yen per tree

Points to note for this de-
contamination method

Radiocaesium tends to attach strongly to bark so it is important to wash bark well by us-
ing high-pressure washing machine.
Bark stripping should be limited to highly contaminated parts of the tree, where we can
expect significant reduction in air dose rate to farm or forestry workers.
*The 85% value was obtained when measurements were made using lead shielding.

High-pressure water washing with a
tower wagon

Surface bark stripping
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A.2 Agricultural land

A.2.1 Reversal tillage

Reference Agricultural land-1

Land use type Farmland

Sub-type Paddy fields, vegetable fields

Decontamination method Reversal tillage

Content Tillage with plough

Decontamination
method outline

This procedure involves inversion of the soil profile to a specified depth using a tractor and plough.

Machinery required Tractor and plough

Application and Imple-
mentation

Application conditions

Whilst this technology reduces aerial dose rates it does not remove the
radioactive materials. For radiocaesium the concentration of topsoil
should be less than 5000 Bq kg-1 (Guideline of the Ministry of Agricul-
ture, Forestry and Fisheries).

Implementation re-
strictions

Plough sole should be deeper than 30 cm depth to avoid it being dam-
aged by this process (this protects the more fertile topsoil from the
poorer quality soil below).

Evaluation

Material removed

Area decontaminated (1 person day) 1100 m2

Volume of waste generated ―

Waste type ―

Water treatment re-
quired

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF 1.4-2.5

Gamma dose rate reduction 30-60%

Cost (direct implementation cost, area > 1000 m2) 33 Yen m-2

Points to note for this
Decontamination method

It is necessary to determine the depth profile for the radionuclides of concern and the
depth of the plough pan in order to derive the best depth for reversal tillage.

Mini tractor and plough Tractor and plough

- �� -

JAEA-Review 2014-051



A.2.2 Interchanging top soil with subsoil

Reference Agricultural land-2

Land use type Farmland

Sub-type Paddy fields, vegetable fields

Decontamination method Interchanging topsoil with subsoil

Content Stripping of topsoil with a mechanical digger， stripping subsoil， backfilling topsoil， backfilling sub-
soil

Decontamination
method outline

Topsoil is stripped with a mechanical digger equipped with a flat bucket and temporarily placed on a
nearby plastic sheet. Then subsoil is stripped beneath the stripped topsoil to a depth of ~ 30 cm and
placed on another plastic sheet (separate from the sheet for the topsoil). After backfilling the topsoil
into the space where the subsoil was removed, the subsoil is backfilled.

Machinery required Mechanical digger with flat bucket, mechanical digger with flat nails

Application and Implemen-
tation

Application conditions The guideline level for radiocaesium in topsoil is 5000 Bq kg-1 (Guideline
of the Ministry of Agriculture, Forestry and Fisheries)

Implementation re-
strictions

Plough sole should be in more than 30cm depth because plough sole
may be destroyed (this protects the more fertile topsoil from the poorer
quality soil below). There needs to be sufficient load bearing capacity by
the soil to operate the mechanical digger.

Evaluation

Material removed

Area decontaminated (1 person day) 100 m2

Volume of waste generated ―

Waste type ―

Water treatment re-
quired

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF ~ 3

Gamma dose rate reduction ~ 65%

Cost (direct implementation cost, area > 1000 m2) 310 Yen m-2

Points to note for this de-
contamination method

It is necessary to determine the depth profile for the radionuclides of concern and the
depth of the plough pan in order to derive the optimised depth to which to remove subsoil.
Care must be taken to avoid mixing of topsoil with subsoil before replacement.

Stripping topsoil Stripping subsoil
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A.2.3 Thin-layer soil stripping (hammer knife)

Reference Agricultural land-3

Land use type Farmland

Sub-type Paddy fields, vegetable fields

Decontamination method Stripping a thin layer of topsoil using a hammer knife

Content Stripping of a thin layer of topsoil, collection, packaging and transportation

Decontamination
method outline

Topsoil is stripped with mechanical stripping machine (hammer knife). Soil can either be collected
manually or with a mechanical digger. Removed material is packed into flexible waste bags before
transported to temporary storage by truck.

Machinery required Machine that can strip a thin layer of top soil (e.g. hammer knife mower),
mechanical digger (with flat nails), truck with loader crane

Application and Imple-
mentation

Application conditions Not suitable if the radionuclides of concern have penetrated below a
depth of 2 cm

Implementation re-
strictions

Not suitable for small areas or areas where the ground is uneven. Can-
not be applied if the ground is waterlogged.

Evaluation

Material removed

Area decontaminated (1 person day) 70 m2

Volume of waste generated ~ 30 l m-2

(stripping thickness is ~ 2 cm)

Waste type Grass, Soil

Water treatment re-
quired

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF ~ 1.5

Gamma dose rate reduction ~ 35%

Cost (direct implementation cost, area > 1000 m2) 690 Yen m-2

Points to note for this
decontamination method

It is important to know the depth distribution of radioactivity, the depth of the plough pan in
order to determine the optimal stripping depth.
It is important to remove and collect stripped soil and roots with rakes or bamboo brooms.
Because the strip thickness may be less for uneven ground it is important to check the air
dose rate of the ground surface after removal in order to determine whether manual strip-
ping is also needed.

Turf stripping using a hammer knife mower
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A.2.4 Thin-layer soil stripping (solidification agents)

Reference Agricultural land-4

Land use type Farmland

Sub-type Paddy fields, vegetable fields

Decontamination method Thin-layer soil stripping

Content Spraying of soil fixation agent, stripping of topsoil, collection, packaging and transportation

Decontamination
method outline

Solidifying agent is sprayed onto the decontamination area with a spreader. The topsoil is stripped
by a separation and retrieval machine or mechanical digger with flat nails. The stripped soil is then
collected by mechanical digger and packed into flexible bags. Afterwards, the flexible bags are trans-
ported to a temporary storage by truck.

Machinery required
Separation and retrieval machine (mechanical digger base), tank for
holding the solidifying agent, solidifying agent applicator, truck with
loader crane

Application and Implemen-
tation

Application conditions This technique is not applicable for frozen soil

Implementation re-
strictions Not suitable for waterlogged soil conditions

Evaluation

Material removed

Area decontaminated
(1 person day)

50 m2

(application of fixation agent: 500 m2)
(soil collection：70 m2)

Volume of waste generated
30-80 l m-2

(thickness of stripping 2-5 cm)

Waste type Soil

Water treatment re-
quired

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF 1.7-3.3

Gamma dose rate reduction 40-70%

Cost (direct implementation cost, area > 1000 m2) 880 Yen m-2

Points to note for this de-
contamination method

It is important to determine the depth distribution of radioactivity, identify the depth of the
plough pan in order to determine the optimal stripping depth.
The separation and retrieval machine transports the stripped soil through a tube (or a pipe:
white, shown in the middle photograph above) for packing into flexible bags. The tube (or
pipe) tends to get clogged with soil of high water content (soft soil). In this case, using a
mechanical digger alone for stripping is recommended instead.

Application of
solidifcation agent

Separation and retrieval ma-
chine for solidified soils

Collection with mechanical
digger
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A.2.5 Thin-layer soil stripping (mechanical digger)

Reference Agricultural land-5

Land use type Farmland

Sub-type Paddy fields, vegetable fields

Decontamination method Thin layer soil stripping

Content Topsoil stripping, collection, packaging and transportation

Decontamination
method outline

Topsoil is stripped by way of a mechanical digger equipped with a flat bucket or bucket with flat nails.
Stripped soil is placed directly into flexible bags by mechanical digger and transported to temporary
storage by truck with.

Machinery required Mechanical digger with a flat bucket, mechanical digger with flat nails,
truck with loader crane

Application and Imple-
mentation

Application conditions Sufficient load bearing capacity required

Implementation re-
strictions

Not suitable for waterlogged conditions (soil unable to bear the weight
of heavy equipment)

Evaluation

Material removed

Area decontaminated (1 person day) 100 m2

Volume of waste generated
30-80 l m-2

(thickness of stripping 2-5 cm)

Waste type Vegetation stubble, soil

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF 1.3-3.3

Gamma dose rate reduction 20-70%

Cost (direct implementation cost, area > 1000 m2) 560 Yen m-2

Points to note for this
decontamination method

It is important to determine the depth distribution of radioactivity, identify the depth of the
plough pan in order to determine the optimal stripping depth.

Soil stripping with a mechanical digger
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A.2.6 Mechanical mowing

Reference Agricultural land-6

Land use type Farmland

Sub-type Paddy fields, vegetable fields

Decontamination method Mowing

Content Mowing, collection, packaging and transportation

Decontamination
method outline

After mowing with a self-propelled tracked mowing machine (hammer knife mower, mower), material
is collected and packed into flexible bags using either rakes or a mechanical digger. Waste bags are
transported to a temporary storage place by truck.

Machinery required Self-propelled tracked mowing machine (hammer knife mower, mower),
mechanical digger, truck with loader crane

Application and Imple-
mentation

Application conditions Applicable to flat (dry) paddy fields and crop fields

Implementation re-
strictions

Not suitable for waterlogged or uneven ground conditions. Difficult to im-
plement in very small farming areas.

Evaluation

Material removed

Area decontaminated (1 person day) 500 m2

Volume of waste generated 9-12 l m-2

Waste type Vegetation

Water treatment re-
quired

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF ―

Gamma dose rate reduction ―

Cost (direct implementation cost, area > 1000 m2) 70 Yen m-2

Points to note for this
decontamination method

This process, which has little decontamination effect due to the fact that the undergrowth
that was removed grew only after the accident had taken place. Therefore this was prelimi-
nary work for topsoil stripping.
Vegetation should be cut as close to the soil surface as possible in order to maximise the
amount of material that can undergo volume reduction via incineration.

Cultivator and mowerHammer knife mower
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A.2.7 Manual strimming

Reference Agricultural land-7

Land use type Farmland

Sub-type Paddy fields, vegetable fields, fruit farm

Decontamination method Strimming

Content Strimming, collection, packaging and transportation

Decontamination
method outline

After manual strimming with an over the shoulder type strimmer, removed material is collected (using
rakes) and packed into flexible bags using a mechanical digger. Waste bags are transported to tem-
porary storage by truck.

Machinery required Shoulder-type strimming machine， mechanical digger, truck with loader
crane

Application and Imple-
mentation

Application conditions Applicable for paddy fields, vegetable fields, fruit farm, levee and slope
surface of terraced fields

Implementation re-
strictions Not suitable for waterlogged paddy fields (paddy fields must be dry)

Evaluation

Material removed

Area decontaminated (1 person day) 260 m2

Volume of waste generated 9-12 l m-2

Waste type Crops

Water treatment re-
quired

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF ―

Gamma dose rate reduction ―

Cost (direct implementation cost, area > 1000 m2) 100 Yen m-2

Points to note for this
decontamination method

This process, which has little decontamination effect due to the fact that the undergrowth
that was removed grew only after the accident had taken place. Therefore this was prelimi-
nary work for topsoil stripping.
Vegetation should be cut as close to the soil surface as possible in order to maximise the
amount of material that can undergo volume reduction via incineration.

Collecting and packagingStrimming
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A.3 Residential areas
A.3.1 Surface brushing and washing

Reference Residential-1

Land use type Houses

Sub-type Roof

Sub category Tiled roof, Iron roof

Decontamination method Surface brushing and washing

Content Construction of scaffolding, brushing, washing, collection and transfer of used water, removal of scaf-
folding

Decontamination
method outline

Manual brushing (using deck or wire brushes) and washing is performed from either a working scaffold
or water or a high platform. Scaffolding is removed after decontamination is completed. Wash water is
collected with buckets placed below the down pipes before being transferred to water treating facilities.

Machinery required Scaffolding or truck equipped with high platform

Application and Imple-
mentation

Application conditions -

Implementation re-
strictions

No use for damaged tiles. Difficult to obtain a decontamination effect on ei-
ther cement tiles or slate tiles.

Evaluation

Material removed

Area decontaminated (1 person day) 20 m2

Volume of waste generated

Directly dependent on purifica-
tion process used. Between 5.6
x 10-3 l sludge and 5.8 x 10-5 t

solids per l water treated

Waste type Sludge & solids

Water treatment re-
quired

Volume of water used Several litres of water m-2

Collection method Buckets and tanks

Collection rate 100%

Decontamination

DF Clay tiles: 2, Iron roof: 1.1-1.5

Gamma dose rate reduction
Clay tiles: 50%,

Iron (baked finish): 10-30%

Cost (direct implementation cost, area > 1000 m2) 1090 Yen m-2

Points to note for this
decontamination method

Decontamination effectiveness largely depends on the tool used (deck or wire brush) and the
roof or roof tile material. Pre-test is recommended to characterise the nature.
Radioactivity measurements using a GM detector should be performed on dry surfaces only.

Brushing using tower wagons Brushing with working scaffoldings
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A.3.2 Gutter wiping (removal of debris)

Reference Residential-2

Land use type Houses

Surface Gutter

Decontamination method Removal of debris and wiping

Content Construction of scaffolding, debris removal, wiping, collection of removed debris, collection and
transfer of wash water, removal of scaffolding

Decontamination
method outline

Removal of accumulated debris in gutters performed either from constructed scaffolding or trucks
equipped with a high platform. All removed debris packaged into flexible waste bags. Wiping of gut-
tering was performed manually and wash water was collected in buckets before being transferred to
water treatment facilities.

Implementation re-
strictions Rusty metal gutters are particularly difficult to decontaminate.

Application and Imple-
mentation Application conditions -

Evaluation

Material removed

Area decontaminated (1 person day) 25 m

Volume of waste generated

Directly dependent on age of
house (or when gutters last

cleaned) and proximity to trees.
On average 1 m3 per house.

Waste type Litter, soil

Water treatment re-
quired

Volume of water used < 10 l m-2

Collection method Bucket

Collection rate 100%

Decontamination
DF 1.4-10

Reduction rates 30-90%

Cost (direct implementation cost, area > 1000 m2) 1100 Yen m-2

Points to note for this
decontamination method -

Gutter cleaning from scaffolding Gutter cleaning from high platform
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A.3.3 High-pressure water jet based washing

Reference Residential-3

Land use type Houses

Surface Gutter

Decontamination method Debris removal followed by high-pressure water washing

Content Construction of scaffolding, debris removal, high pressure water washing, collection of removed de-
bris, collection and transfer of wash water, removal of scaffolding

Decontamination
method outline

Manual removal of accumulated debris / litter from gutters performed either from scaffolding or truck
based high platform. All removed debris packaged into flexible waste bags. Gutters washed with
high-pressure water washing equipment. Wash water collected using pumps and subsequently trans-
ferred to water treatment facilities by truck.

Machinery required Scaffolding of truck equipped with high platform, high-pressure water
washers (maximum 1 MPa), pumps, truck with loader crane

Application and Imple-
mentation

Application conditions Rusty metal gutters are particularly difficult to decontaminate

Implementation re-
strictions

High-pressure water washing of deteriorated or damaged gutters more
difficult to implement

Evaluation

Material removed

Area decontaminated (1 person day) 20 m

Volume of waste generated

Directly dependent on age of
house (or when gutters last

cleaned) and proximity to trees.
On average 1 m3 per house.

Waste type Litter, sludge

Water treatment re-
quired

Volume of water used 10 l m-1 of gutter

Collection method Vacuum

Collection rate 100%

Decontamination
DF ~ 2.5

Gamma dose rate reduction ~ 60%

Cost (direct implementation cost, area > 1000 m2) 1230 Yen m-2

Points to note for this
decontamination method

Measures need to be implemented for preventing contaminated wash water from splashing
onto ground below roof (e.g. the pressure of washing machine should be set at ≤ 1 MPa.

High-pressure water washing with working
scaffoldings

High-pressure water washing with tower
wagons
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A.3.4 Support structures (dry brushing)

Reference Residential-4

Land use type Houses

Surface Support structures

Decontamination
method Brushing

Content Brushing (dry)

Decontamination
method outline

Support structures (walls) were scrubbed manually without water using nylon brushes.

Machinery required --

Application and Imple-
mentation

Application conditions Difficult to remove adhered soil

Implementation re-
strictions -

Evaluation

Material removed

Area decontaminated (1 person day) 130 m2

Volume of waste generated -

Waste type －

Water treatment required

Volume of water used －

Collection method －

Collection rate －

Decontamination
DF 1.3-1.4

Gamma dose rate reduction 20-30%

Cost (Direct implementation cost, area > 1000 m2) 100 Yen m-2

Points to note for this
decontamination

method
Decontamination of support structures should be conducted prior to decontamination of
surrounding residential land in order to prevent any recontamination.

Dry brushing
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A.3.5 Soil removal (manual and mechanical)

Reference Residential-5

Land use type Residential land

Surface Garden

Sub category Unpaved

Decontamination method Thin-layer topsoil stripping

Content Surface soil stripping (manual and mechanical), collection, packaging and transportation

Decontamination
method outline

Stripping and collection of garden top soil was performed either manually (using hand dredge shovel)
or mechanically using a mini-mechanical digger. Removed soil was collected and stored in flexible
bags. Waste bags were placed on trucks equipped with a loader crane and transferred to temporary
storage.

Machinery required Hoe, shovel, mini-mechanical digger, truck with loader crane

Application and Imple-
mentation

Application conditions -

Implementation re-
strictions

Soil removal using a mini-mechanical digger can only be performed
where space permits.

Evaluation

Material removed

Area decontaminated (1 person day) 70 m2

Volume of waste generated
20-40 l m-2

(thickness of stripping 2-3 cm)

Waste type Vegetation, soil

Water treatment re-
quired

Volume of water used -

Collection method -

Collection rate -

Decontamination
DF 1.1-10

Gamma dose rate reduction 10-90%

Cost (direct implementation cost, area > 1000 m2) 590 Yen m-2

Points to note for this
decontamination method

It is important to determine the depth distribution of radioactivity in order to determine the
optimal stripping thickness.
Under frozen ground conditions, soil stripping is best performed mechanically.

Soil surface stripping
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A.3.6 Gravel stripping

Reference Residential-6

Land use type Residential land

Surface Garden

Sub category Gravel bedding

Decontamination method Gravel stripping

Content Gravel stripping (manual, mini-mechanical digger), collection, packaging and transportation

Decontamination
method outline

Gravel was stripped manually or mechanically using a mini–mechanical digger collected and packed
into flexible bags. Waste bags were transferred to temporary storage using a truck equipped with a
loader crane. New gravel is laid down in place of the removed gravel.

Machinery required Hoe, shovel, mini-mechanical digger, truck with loader crane

Application and Imple-
mentation

Application condi-
tions -

Implementation re-
strictions The mini-mechanical digger can only be used where space permits.

Evaluation

Material removed

Area decontaminated (1 person day) 30 m2

Volume of waste generated
20-40 l m-2

(thickness of stripping 2-3 cm)

Waste type Gravel, soil

Water treatment re-
quired

Volume of water used -

Collection method -

Collection rate -

Decontamination
DF 1.3-6.7

Gamma dose rate reduction 20-85%

Cost (direct implementation cost, area > 1000 m2) 820 Yen m-2

Points to note for this
decontamination method

It is important to determine the depth distribution of radioactivity in soil underlying gravel in
order to determine the optimal stripping thickness.

Gravel stripping
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A.3.7 High-pressure water jet based washing (pebbles)

Reference Residential-7

Land use type Residential land

Surface Garden

Sub category Pebbles

Decontamination method High-pressure washing

Content Removal of organic material, size separation using a sieve (high-pressure washing equipment)， col-
lection and treatment of wash water

Decontamination
method outline

Litter, moss or any other organic material adhering to pebbles (and any associated radionuclides) are
removed using high-pressure water washing (maximum pressure 5 MPa). Pebbles were separated
from smaller fractions with sieves. Waste wash water is collected and transferred to water treatment
facilities.

Machinery required Metal sieves (3 mm), high-pressure water washing equipment (maximum
pressure 5 MPa), water pumps, water tanks and trucks

Application and Imple-
mentation

Application condi-
tions Decontamination could only be applied to pebbles (not smaller constituents)

Implementation re-
strictions -

Evaluation

Material removed

Area decontaminated (1 person day)
20 m2

(stripping thickness ~10 cm)

Volume of waste generated

Sludge volume varied from location
to location. The used water was col-
lected and treated, and therefore re-
duced the volume of sludge arising.

Waste type Water, sludge

Water treatment re-
quired

Volume of water used ~10-20 l m-2

Collection method Tanks

Collection rate ~90% (some water spray inevitably
percolated into the ground)

Decontamination
DF 2.5-20

Gamma dose rate reduction 60-95%

Cost (direct implementation cost, area > 1000 m2) 930 Yen m-2

Points to note for this
decontamination method

Measures are required to prevent wash water from percolating into soil.
The radioactivity of washed pebbles was measured using a GM detector before reuse.

Removal of litter and moss High pressure water washing of pebbles
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A.3.8 Turf stripping

Reference Residential-8

Land use type Residential land

Surface Garden

Sub category Turf

Decontamination
method Turf stripping

Content Mowing， turf stripping, collection, packaging and transportation

Decontamination
method outline

Grass was cut using lawn mower before strips of turf were cut (to a depth of ~ 3 cm) using mechanical
turf cutting equipment. The strips of turf were then rolled up manually and placed in waste bags which
were transferred to trucks using a loader crane.

Machinery required Strimmer, mechanical turf cutter, truck with loader crane

Application and Imple-
mentation

Application conditions Flat ground preferred

Implementation re-
strictions Difficult to execute around the roots of trees or shrubs

Evaluation

Material removed

Area decontaminated (1 person day) 15 m2

Volume of waste generated
20 - 50 l m-2

(thickness of stripping 2-5 cm)

Waste type Turf

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF ~ 5

Gamma dose rate reduction ~ 80%

Cost (direct implementation cost, area > 1000 m2) 1500 Yen m-2

Points to note for this
decontamination

method
It is important to determine the depth distribution of radioactivity in soil underlying grass in
order to determine the optimal stripping thickness.

Sod cutters Removal of turf in rolls
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A.3.9 Pruning of trees and removal of soil around rooting zone

Reference Residential-9

Land use type Residential land

Surface Garden

Sub category Garden trees

Decontamination method Pruning and removal of soil around roots

Content Pruning of shrubs, soil removal, collection, packaging and transportation

Decontamination
method outline

Garden trees are pruned with using pruning equipment or branch cutters. After pruning, soil around
tree roots is removed (including any leaf litter). Humus and soil are stripped with hoes and shovels
and packed in flexible bags. Waste bags are then placed onto a truck equipped with a loader crane
and transported to temporary storage.

Machinery required Electric pruning clippers, branch cutters, hoe, shovels, rakes / brooms,
truck with loader crane

Application and Imple-
mentation

Application conditions Garden shrubs and trees within residential areas

Implementation restrictions -

Evaluation

Material removed

Area decontaminated (1 person day) 30 m2

Volume of waste generated ~ 30 l m-2

Waste type Vegetation, soil

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination

DF
1-1.3

(depends on stripping depth)

Gamma dose rate reduction
0-20%

(depends on stripping depth)

Cost (direct implementation cost, area > 1000 m2) 740 Yen m-2

Points to note for this
decontamination method

Similar to forest decontamination a stepwise implementation of vegetation and soil removal
should be adopted starting with pruning of trees and shrubs to 30 cm from the ground.
Care must be taken when removing soil from rooting zone to minimise damage.
Professional advice should be sought (e.g. from a landscape gardener or tree surgeon) be-
fore implementation of tree pruning (to minimise damage).

Pruning of garden shrubs and trees Removal of soil under shrubs and trees
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A.3.10 High-pressure water jet washing paved areas (interlocking type)

Reference Residential-10

Land use type Residential land

Surface Paved areas

Sub category Interlocking

Decontamination method High-pressure washing

Content High pressure water washing, collection and treatment of wash water

Decontamination
method outline

Washing with ultra- high-pressure washing machine (pressure ~ 50 MPa). Wash water is collected
with vehicle-based vacuum equipment and transferred to water treating facilities.

Machinery required High-pressure washing machine (maximum 50 MPa), vacuum truck

Application and Imple-
mentation

Application conditions -

Implementation restrictions -

Evaluation

Material removed

Area decontaminated (1 person day) 15 m2

Volume of waste generated 0.2 l m-2

Waste type Sludge

Water treatment required

Volume of water used ~ 20 - 30 l m-2

Collection method Vacuum suction

Collection rate ~ 100%

Decontamination
DF 1.4-5.0

Gamma dose rate reduction 30-80%

Cost (direct implementation cost, area > 1000 m2) 1320 Yen m-2

Points to note for this
decontamination method

Where there is soil between paving tiles, it is effective to remove it by scraping before
washing.
Preliminary tests are needed to optimise the number of washings for cost-effective work.
The radioactivity of paving stones was measured using a GM detector, only when dry.

High-pressure washing using a medium
sized ultra-high-pressure water jet
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A.3.11 Dust collecting sander

Reference Residential-11

Land use type Large residential buildings (e.g. blocks of flats)

Surface Any flat concrete area, scarcement, stairs, terrace

Sub category Concrete surface

Decontamination method Abrasion

Content Abrasion (dust collecting sander), collection

Decontamination
method outline

Concrete surfaces are treated using a concrete sander equipped with a dust collection system and
HEPA filters. Abraded particles and any adhered radioactive materials are collected using suction
and the HEPA filters prevent any radioactive materials being released that might cause secondary
contamination.

Machinery required Concrete sander with dust collection system and HEPA filters

Application and Imple-
mentation

Application conditions -

Implementation re-
strictions Suitable only for relatively small areas (see photo above)

Evaluation

Material removed

Area decontaminated (1 person day) 10 m2

Volume of waste generated 1 l m-2

Waste type Dust

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF 2.5-5

Gamma dose rate reduction 60-80%

Cost (direct implementation cost, area > 1000 m2) 1940 Yen m-2

Points to note for this
decontamination method

It is important to ensure 100% of the abraded material removed from surfaces is collected.
It is important to determine the abrasion depth based on the relationship between the
depth and the potential decontamination effect.

Concrete stairs Flat concrete areas
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A.3.12 Hydroblasting - ultra-high-pressure water jet

Reference Residential-12

Land use type Non-residential buildings (e.g. schools, factories) situated within residential areas

Surface Hard-packed floors, scarcement, flat roofs, stairs, terraced areas, car parks, pavements

Sub category Concrete surfaces, asphalt surface

Decontamination method Ultra-high-pressure water jet

Content Blasting of large flat hard surfaces with an ultra-high-pressure water jet washing machine, wash water
collection and transportation

Decontamination
method outline

Large flat areas surfaced with concrete or asphalt are scarified with ultra-high-pressure water using
specialised equipment. Used water was collected and absorbed with vacuum tankers and transferred
to water treating facilities (Maximum vacuum transfer distance is 100m).

Machinery required Ultra-high-pressure water washing machine (maximum 240 MPa for the
medium-size machine), vacuum tankers

Application and Imple-
mentation

Application conditions -

Implementation restrictions -

Evaluation

Material removed

Area decontaminated
(1 person day)

80 m2

Volume of waste generated ~ 3 l m-2

Waste type Road dust (concrete and asphalt)

Water treatment required

Volume of water used ~ 40-50 l m-2

Collection method Vacuum suction

Collection rate 100%

Decontamination
DF ~ 5

Gamma dose rate reduction ~ 80%

Cost (direct implementation cost, area > 1000 m2) 1150 Yen m-2

Points to note for this
decontamination method

The decontamination effect achieved is dependent on the pressure and the number of appli-
cations. Radioactivity measurements should be made on dry surfaces.
The hand held water jet is useful for areas such as stairs that the machine based jets cannot
easily access.
May cause damage to asphalt which may then have to be re-laid
As this method is spark free (unlike many other blasting techniques) it is suitable for use
within areas such as petrol stations where a spark free decontamination method is essential.

Medium size ultra-high-pressure wash-
ing machine

Hand held ultra-high-pressure water
washing machine
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A.3.13 Shot blasting

Reference Residential-13

Land use type Non-residential buildings (e.g. schools, factories) situated within residential areas

Surface Large flat concrete areas, scarcement, roads, pavements

Sub category Concrete surfaces, asphalt surfaces

Decontamination method Shot blasting (iron balls)

Decontamination
method outline

Concrete and asphalt surfaces are treated using shot blasting equipment. The equipment fires iron
shot using a rotating blast blade. And the dislodged material is collected using suction into a dust
chamber The abraded material is packed into waste bags and transported to temporary storage by
truck.

Machinery required
Shot blasting machine (this particular machine has an abrasion width of
70 cm, releases 125 kg of iron balls per minute and has a projection rate
of 75 ms-1, vehicles for waste transportation)

Application and Imple-
mentation

Application conditions -

Implementation re-
strictions Collection of the iron shot is more difficult in wet conditions.

Evaluation

Material removed

Area decontaminated (1 person day) 270 (medium size)
170 m2 day-1 (large size)

Volume of waste generated ~ 3 l m-2

Waste type
Concrete and asphalt dust,

iron shot

Water treatment required

Volume of water used －

Collection method －

Collection rate －

Decontamination
DF ~ 10

Gamma dose rate reduction ~ 90%

Cost (direct implementation cost, area > 1000 m2) 570 Yen m-2

Points to note for this
decontamination method

It is important to vacuum collect fine-grained powder and collect the iron balls used for
blasting.
Abrasion depth differs according to both the projection density of the shot and the number
of applications, therefore it important to know the depth to which the contaminants have
penetrated before commencing work.
May cause damage to asphalt which may then have to be re-laid.

Medium size abrasive blasting machine
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A.3.14 Surface brushing followed by high-pressure water jet washing

Reference Residential-14

Land use type Support structures situated within residential areas

Surface Concrete walls, scarcement

Sub category Concrete surface

Decontamination method Brushing followed by high-pressure water jet washing

Content Brushing surfaces (wire brush), high-pressure washing, wash water collection, transportation

Decontamination
method outline

Concrete surfaces are scrubbed manually using wire bush brushes. Once complete the scrubbed
surfaces are blasted with high-pressure water jet equipment (operating pressure 10-20 MPa). Wash
water flows into local drainage systems and from there is sucked up using vehicle based vacuum
equipment. The tankers store water before transporting the water to treatment facilities.

Machinery required High-pressure water jet (maximum pressure 50 MPa), vacuum tanker

Application and Imple-
mentation

Application conditions It is difficult to decontaminate concrete where contamination has pene-
trated deeply.

Implementation restrictions -

Evaluation

Material removed

Area decontaminated (1 person day) 50 m2

Volume of waste generated

Sludge volume varied from lo-
cation to location. The used

water was collected and
treated, and therefore reduced
the volume of sludge arising.

Waste type Sludge

Water treatment required

Volume of water used ~ 30-40 l m-2

Collection method Vacuum from local drainage

Collection rate 100% (excluding concrete wa-
ter absorption)

Decontamination
DF 1.3-3.3

Gamma dose rate reduction 20-70%

Cost (direct implementation cost, area > 1000 m2) 960 Yen m-2

Points to note for this
decontamination method

The water jet should be directed at right angles to the target area and the distance be-
tween the jet nozzle and target surface should be ≤ 20 cm for maximum decontamination
effect.
All moss, soil and grit should be removed with wire brush and water jet.
It is important to adopt preventive measures to avoid contaminating soil nearby.

Scrubbing with wire brushes High-pressure water jet washing
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A.3.15 High-pressure water jet based washing (support structures)

Reference Residential-15

Land use type Support structures situated within residential areas

Surface Walls

Sub category Concrete, mortar

Decontamination method High-pressure washing

Content High-pressure washing, wash water collection, transportation

Decontamination
method outline

Concrete walls of large buildings are washed down with high-pressure washing machines (~ 50
MPa). Brushing with wire brush is performed prior to washing. Wash water is sucked up from local
drainage using vehicle based vacuum equipment. The tankers store water before transporting the
water to treatment facilities.

Machinery required High-pressure water jets (maximum 50 MPa), vacuum tankers

Application and Imple-
mentation

Application conditions -

Implementation re-
strictions

The effectiveness of this technique decreases the further the contami-
nants have penetrated into the concrete.

Evaluation

Material removed

Area decontaminated (1 person day) 50 m2

Volume of waste generated

Sludge volume varied from loca-
tion to location. The used water
was collected and treated, and

therefore reduced the volume of
sludge arising.

Waste type Sludge

Water treatment re-
quired

Volume of water used 20-30 l m-2

Collection method Vacuum absorption at flow end
parts of gutters

Collection rate 100% (excluding concrete water
absorption)

Decontamination
DF 1.3-3.3

Gamma dose rate reduction 20-70%

Cost (direct implementation cost, area > 1000 m2) 960 Yen m-2

Points to note for this
decontamination method

The water jet should be directed at right angles to the target area and the distance be-
tween the jet nozzle and target surface should be ≤ 20 cm for maximum decontamination 
effect.
It is important to remove all moss, soil and grit with wire brush and water jet.
It is important to adopt preventive measures to prevent secondary contamination.

High-pressure washing concrete walls

- �� -

JAEA-Review 2014-051



A.4 Public infrastructure

A.4.1 Road sweeper

Reference Public infrastructure-1

Land use type Roads

Surface Asphalt

Decontamination method Road sweeper

Content Decontamination, collection, packaging and transportation

Decontamination
method outline

Soil, road dust and litter present on road surfaces are swept up by the high speed oscillating brushes
of the road sweeper. Debris is collected in a main holding area before being sucked into a collection
bin. Collected material is packed into flexible bags before being transported to temporary storage.
Different sweepers are used depending on site access. The on-board road sweeper is used for areas
the road sweeper cannot access e.g. pavements.

Machinery required Road sweepers, truck with loader crane for waste transportation

Application and Imple-
mentation

Application conditions Not suitable for use on roads that are either frozen or snow covered

Implementation restrictions -

Evaluation

Material removed

Area decontaminated
(1 person day)

Road surface cleaning vehicle:
3 500 m2

On-board road sweeper:
1 750 m2

Volume of waste generated 1 – 1.5 l m-2

Waste type Soil, road dust, vegetation

Water treatment required

Volume of water used -

Collection method -

Collection rate -

Decontamination
DF 1-2

Gamma dose rate reduction 0-45%

Cost (direct implementation cost, area >1000 m2)

Road surface cleaning vehicle:
10 Yen m-2

On-board road sweeper:
20 Yen m-2

Points to note for this
decontamination method

Road surface cleaning vehicle On-board road sweeper
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A.4.2 High-pressure water jet washing (10 – 20 MPa)

Reference Public infrastructure-2

Land use type Roads

Surface Asphalt

Decontamination
method High-pressure water washing

Content Washing， wash water collection， transportation

Decontamination
method outline

Soil, road dust and vegetation (e.g. leaf litter) which are adhered to asphalt road surface are removed
with high-pressure water washing equipment operating at a pressure of between 10 and 20 MPa.
Contaminated water is collected using a vacuum tanker. Waste water is transported by tanker to wa-
ter treatment facilities.

Machinery required High-pressure water washing machine (maximum 20 MPa used for as-
phalt), vacuum tankers

Application and Imple-
mentation

Application conditions Not suitable for use on roads that are either frozen or snow covered

Implementation restrictions -

Evaluation

Material removed

Area decontaminated
(1 person day)

50 m2

Volume of waste generated

Sludge volume varied from loca-
tion to location. The used water
was collected and treated, and

therefore reduced the volume of
sludge arising.

Waste type Sludge

Water treatment required

Volume of water used ~ 30-40 l m-2

Collection method Vacuum

Collection rate 100% (excluding concrete water
absorption)

Decontamination
DF 1-3

Gamma dose rate reduction 0-65%

Cost (direct implementation cost, area > 1000 m2) 960 Yen m-2

Points to note for this
decontamination method It is important to adopt preventive measures to prevent secondary contamination.

Road surface cleaning vehicle
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A.4.3 Water-jet vehicle

Reference Public infrastructure-3

Land use type Roads

Surface Asphalt

Decontamination method Water-jet vehicle

Content Washing, collection, transportation

Decontamination
method outline

Soil and road dust adhered to road surfaces are removed with suction type washing vehicle (Water-jet
vehicle). These vehicles are used to restore the drainage function of asphalt after years of dirt build-up.
Water used for washing is passed through filtration devices to remove contaminants and is recycled for
further cleaning.

Machinery required Water-jet vehicle (working width 2 m, maximum pressure 7 MPa)

Application and Imple-
mentation

Application conditions Not suitable for use on roads that are either frozen or snow covered

Implementation restrictions
When road surface is uneven, consistent application of water jet water
is not possible. Possibly decontamination effectiveness decreases due
to this factor.

Evaluation

Material removed

Area decontaminated (1 person day) 1 000 m2

Volume of waste generated

Sludge volume varied from lo-
cation to location. The used

water was collected and
treated, and therefore reduced
the volume of sludge arising.

Waste type Sludge

Water treatment required

Volume of water used ~ 30-40 l m-2

Collection method Water-jet vehicle

Collection rate 50-70%

Decontamination
DF 1-3

Gamma dose rate reduction 0-70%

Cost (direct implementation cost, area > 1000 m2) 150 Yen m-2

Points to note for this
decontamination method

It is important to optimise the vehicle settings to achieve the maximum decontamination ef-
fect with the minimum energy requirement possible.

Water-jet vehicle Close-up of road being decontaminated
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A.4.4 Dry ice blasting

Reference Public infrastructure-4

Land use type Roads

Surface Asphalt

Decontamination method Dry ice blasting

Content Blasting, collection, packaging, transportation

Decontamination
method outline

The procedure includes blasting asphalt road surfaces with dry ice using a dry ice blasting machine.
Dislodged material is collected by vacuum suction into the vehicle. Afterwards, collected dust is packed
manually into flexible bags. Waste bags are transported to temporary storage by trucks equipped with
loader cranes.

Machinery required Dry ice blasting machine, truck with loader crane

Application and Imple-
mentation

Application conditions Not suitable for use on roads that are either frozen or snow covered

Implementation re-
strictions

When road surface is uneven, consistent application of dry ice is not pos-
sible. Possibly decontamination effectiveness decreases due to this factor.

Evaluation

Material removed

Area decontaminated (1 person day) 70 m2

Volume of waste generated 2 l m-2

Waste type Road dust

Water treatment required

Volume of water used -

Collection method -

Collection rate -

Decontamination
DF 2.5-10

Gamma dose rate reduction 60-90%

Cost (direct implementation cost, area > 1000 m2) 1310 Yen m-2

Points to note for this
decontamination method

It is important to optimise the vehicle settings to achieve the maximum decontamination ef-
fect with the minimum energy requirement possible.

Dry ice blasting
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A.4.5 Sand blasting

Reference Public infrastructure-5

Land use type Roads

Surface Asphalt

Decontamination method Sand blasting

Content Sand blasting, collection, packaging and transportation

Decontamination
method outline

The procedure involves the blasting of asphalt surfaces with sand blasting equipment and collection
removed material is done by vacuum suction. Collected dust is packed manually into flexible bags and
transported to temporary storage by a truck equipped with loader crane.

Machinery required Sand-blasting equipment, truck with loader crane

Application and Imple-
mentation

Application conditions Not suitable for use on roads that are either frozen or snow covered

Implementation restrictions When road surface is uneven, consistent application of sand is not possi-
ble. Possibly decontamination effectiveness decreases due to this factor.

Evaluation

Material removed

Area decontaminated (1 person day) 5 m2

Volume of waste generated 20 l m-2

Waste type Road dust, sand

Water treatment required

Volume of water used -

Collection method -

Collection rate -

Decontamination
DF 2.5-10

Gamma dose rate reduction 60-90%

Cost (Direct implementation cost, area > 1000 m2) 4190 Yen m-2

Points to note for this
decontamination method

It is important to optimise the vehicle settings to achieve the maximum decontamination ef-
fect with the minimum energy requirement possible.
Sand is not as efficient as other blasting materials but is useful for less easily accessible ar-
eas.

Sand blasting
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A.4.6 Shot blasting (iron balls)

Reference Public infrastructure-6

Land use type Roads

Surface Asphalt

Decontamination
method Shot blasting (iron balls)

Content Shot blasting, collection, packaging and transportation

Decontamination
method outline

Asphalt road surfaces are abraded using a shot-blasting machine. After, collected dust is packed manually into
flexible bags which are transported to temporary storage by a truck equipped with loader crane.

Machinery required Shot blasting machine, truck with loader crane

Application and Im-
plementation

Application conditions Not suitable for use on roads that are either frozen or snow covered

Implementation restrictions When road surface is uneven, consistent application of blasting is not possi-
ble. Possibly decontamination effectiveness decreases due to this factor.

Evaluation

Material removed

Area decontaminated (1 person day) 170 m2

Volume of waste generated ~ 3 l m-2

Waste type Road dust, iron balls

Water treatment required

Volume of water used -

Collection method -

Collection rate -

Decontamination
DF 3-23

Gamma dose rate reduction 60-95%

Cost (direct implementation cost, area > 1000 m2) 480 Yen m-2

Points to note for
this decontamina-

tion method

Dislodged material (including shot) is collected using a road sweeper.
Abrasion depth differs according to both the projection density of the shot and the number of applica-
tions therefore it important to know the depth to which the contaminants have penetrated before com-
mencing work.
If blasting does not reduce the contamination then fresh asphalt will need to be laid.

Large size abrasive blast Condition of treated surface
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A.4.7 Ultra-high-pressure water jet washing (240 MPa)

Reference Public infrastructure-7

Land use type Roads

Surface Asphalt, concrete

Decontamination method Ultra-high-pressure washing

Content Ultra-high-pressure washing equipment, wash water collection and transportation

Decontamination
method outline

Concrete and asphalt surfaces were washed with ultra-high-pressure water washing machine. Used
water was collected and absorbed with vacuum tankers and transferred to water treating facilities
(Maximum vacuum transfer distance is 100m).

Machinery required Ultra-high-pressure water washing machine (maximum 240 MPa), vac-
uum tanker

Application and Imple-
mentation

Application conditions Not suitable for frozen or snow covered roads

Implementation restrictions -

Evaluation

Material removed

Area decontaminated
(1 person day)

80 m2 (Medium size)

Volume of waste generated ~ 3 l m-2

Waste type Road dust (asphalt and concrete)

Water treatment required

Volume of water used ~ 40-50 l m-2

Collection method Vacuum absorption

Collection rate 100%

Decontamination
DF 2-15

Gamma dose rate reduction 40-95%

Cost (Direct implementation cost, area > 1000 m2) 1150 Yen m-2

Points to note for this
decontamination method

The decontamination effect depends on the pressure and the number of applications.
Radioactivity measurements should be made on dry material.
Medium sized high-pressure washing machine should be combined with a portable water jet
to be able to decontaminate less easily accessible areas.
If blasting does not reduce the contamination then fresh asphalt will need to be laid.

Medium size ultra-high-pressure water
washing machine

Hand held ultra-high-pressure water
washing machine
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A.4.8 Asphalt removal - surface stripping equipment

Reference Public infrastructure-8

Land use type Roads

Surface Asphalt

Decontamination method Asphalt removal by surface stripping machine

Content Stripping, collection, packaging and transportation

Decontamination
method outline

Asphalt surfaces are cut to a certain depth (between 1 mm and 6 cm) with a surface stripping machine.
Dust created is sucked into the cutting machine and then transferred to a collection vehicle using a
conveyer belt. Wastes arising are placed into flexible bags using a mechanical digger and transported
to temporary storage by trucks equipped with loader cranes. The machine works by first stripping the
asphalt and then mills it into fine material.

Machinery required Surface asphalt stripping machine (length 15 m, working width 2 m)，
dumper truck, mechanical digger, truck with loader crane

Application and Imple-
mentation

Application conditions -

Implementation restrictions When road surface is uneven an equal stripping depth may not be
achieved.

Evaluation

Material removed

Area decontaminated (1 person day) 150 m2

Volume of waste generated ~ 8 l m-2 (stripping thickness is
~ 5 mm)

Waste type Asphalt

Water treatment required

Volume of water used －

Collection method －

Collection rate －

Decontamination
DF 22

Gamma dose rate reduction ~ 95%

Cost (direct implementation cost, area > 1000 m2) 390 Yen m-2

Points to note for this
decontamination method

Not suitable for use on damaged roads
Road sweepers may be necessary for collection of fine any dust material.
For dense asphalt, around 90% of the radiocaesium was found to have penetrated to a
depth of between 2 to 3 mm. The machine above is capable of stripping a layer off accurate
to 1 mm thereby reducing waste volume production, if penetration depth accurately quanti-
fied.

asphalt surface stripping machine Asphalt transfer to truck via the con-
veyor belt
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A.4.9 Asphalt removal – mechanical digger

Reference Public infrastructure-9

Land use type Roads

Surface Asphalt

Decontamination method Asphalt removal using a mechanical digger

Content Stripping, collection, packaging and transportation

Decontamination
method outline

Asphalt is stripped from road surfaces using a mechanical digger after which it was placed into flexible
bags (1 m3), followed by transfer to temporary storage by truck with loader crane.

Machinery required Pavement cutter, mechanical digger, vacuum tankers, truck with loader
crane

Application and Imple-
mentation

Application conditions -

Implementation restrictions -

Evaluation

Material removed

Area decontaminated
(1 person day)

26 m2

Volume of waste generated ~ 150 l m-2 (but is highly dependent
on stripping thickness)

Waste type Asphalt

Water treatment required

Volume of water used －

Collection method －

Collection rate －

Decontamination
DF 3-10

Gamma dose rate reduction 70-90%

Cost (direct implementation cost, area > 1000 m2) 1 620 Yen m-2

Points to note for this
decontamination method

Determine penetration depth of contaminants before stripping in order to minimise the vol-
ume of asphalt removed

Stripping of asphalt pavement by mechanical digger
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A.4.10 Mechanical digger topsoil stripping

Reference Public infrastructure-10

Land use type Roads

Surface Unsurfaced roads

Sub category Gravel, soil surface

Decontamination method Stripping of soil surface by mechanical digger

Content Stripping, collection, packaging and transportation

Decontamination
method outline

Gravel layer is stripped and collected using a mechanical digger and packed into flexible bags. Waste
bags are transported to temporary storage by trucks with loader cranes.

Machinery required Mechanical digger, truck with loader crane

Application and Imple-
mentation

Application conditions -

Implementation re-
strictions -

Evaluation

Material removed

Area decontaminated (1 person day) 90 m2

Volume of waste generated
20 - 50 l m-2

(stripping thickness 2-5 cm)

Waste type Gravel, soil

Water treatment re-
quired

Volume of water used －

Collection method －

Collection rate －

Decontamination
DF 1-13

Gamma dose rate reduction 30-95%

Cost (direct implementation cost, area > 1000 m2) 560 Yen m-2

Points to note for this
decontamination method

It is important to determine the depth distribution of radioactivity in the soil in order to deter-
mine the optimal stripping thickness and minimise waste production.

Stripping topsoil by mechanical digger
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A.4.11 Vacuum removal of debris from roadside gutters and drains

Reference Public infrastructure-11

Land use type Roads

Surface Gutters, drains

Decontamination
method Vacuum removal of debris

Decontamination
method outline

Roadside gutters and drains that are filled with organic and/or inorganic debris are cleared using vac-
uum suction or using manual labour. Gutter gratings are opened either manually or using a mechani-
cal digger. Accumulated debris is can be removed manually with shovels and hoes, or by vacuum
tanker. Waste that has been removed is manually placed into flexible bags. Waste bags are trans-
ported to temporary storage using trucks with loader cranes.

Machinery required Mechanical digger, vacuum tanker, truck with loader crane

Application and Imple-
mentation

Application conditions -

Implementation re-
strictions -

Evaluation

Material removed

Area decontaminated (1 person day) 28 m

Volume of waste generated Depends on type of debris but
average is 100-200 l m-2

Waste type Sludge, vegetation

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF 1-10

Gamma dose rate reduction 30-90%

Cost (direct implementation cost, area > 1000 m2) 1080 Yen m-2

Points to note for this
decontamination

method
It is important not to use water for debris removal to minimise waste treatment.

Removal of debris from drains
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A.4.12 Roof decontamination (abrasion, high-pressure water washing)

Reference Public Infrastructure-12

Land use type Large structures

Surface Roof and roof terrace

Sub category Concrete, Mortar

Decontamination method Surface brushing and high-pressure washing

Content Abrading, high-pressure water washing, collection of used water and transportation

Decontamination
method outline

Roofs and roof terraces (concrete, mortar) are abraded using either mechanical equipment (equipped
with oscillating wire brushes) or manually using a non-mechanical wire brush. After abrasion, surfaces
are washed using a high-pressure water jet (10 MPa). Wash water is transferred to tankers and trans-
ported to water treatment facilities.

Machinery required Mechanical brushers, high-pressure water washing machines, pumps,
water tankers, vacuum tankers

Application and Imple-
mentation

Application conditions May not remove contaminants if depth of penetration is high

Implementation restrictions Mechanical brusher is not suitable for use on wet surfaces.

Evaluation

Material removed

Area decontaminated (1 person day) 85 m2

Volume of waste generated 1 l m-2

Waste type Sludge

Water treatment required

Volume of water used ~ 20-30 l m-2

Collection method Vacuum collection from local
drainage system

Collection rate 100% (excluding concrete water
absorption)

Decontamination
DF 1.4-3.3

Gamma dose rate reduction 30-70%

Cost (direct implementation cost, area > 1000 m2) 340 Yen m-2

Points to note for this
decontamination method

The water jet should be directed at right angles to the target area and the distance between
the jet nozzle and target surface should be ≤ 20 cm for maximum decontamination effect.
It is important to remove all moss, soil and grit with the wire brush and water jet.
Areas surrounding decontamination target area should be covered with plastic sheeting to
prevent contamination from water spray.

Roof abrasion (wire brush - mechanical) High-pressure water jet washing
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A.4.13 Roof decontamination (washing and brushing)

Reference Public Infrastructure-13

Land use type Large structures

Surface Roof and roof terrace

Sub category Waterproof coating, waterproof sheets

Decontamination method Surface brushing and high-pressure water washing

Content Abrasion, washing, collection used water and transportation

Decontamination
method outline

Roof terrace areas (waterproof coating and waterproof sheets) are washed with floor polisher (nylon
brush) flowing water. Washed water is collected by vacuum and transferred to water treating facilities.

Machinery required Floor polisher (nylon brush), pumps, water tankers, vacuum tankers

Application and Imple-
mentation

Application conditions Materials which are not permeable for caesium such as waterproof coat-
ing and waterproof sheets are target of this decontamination method.

Implementation restrictions -

Evaluation

Material removed

Area decontaminated (1 person day) 140 m2

Volume of waste generated 1 l m-2

Waste type Sludge

Water treatment required

Volume of water used ~ 20-30 l m-2

Collection method Vacuum collection from local
drainage system

Collection rate 100% (excluding concrete water
absorption)

Decontamination
DF 1.1-5

Gamma dose rate reduction 10-80%

Cost (direct implementation cost, area > 1000 m2) 250 Yen m-2

Points to note for this
decontamination method

Nylon can be chosen as a polisher brush material in order not to damage a waterproof mate-
rial of roof floor surface.

Roof washing with oscillating brushes (nylon)
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A.4.14 Sport fields - artificial turf

Reference Public Infrastructure-14

Land use type Large structures

Surface Ground

Sub category Artificial turf

Decontamination method Vacuuming filling material from artificial turf

Content Vacuuming filling material, collection, packaging and transportation

Decontamination
method outline

Filling material is often spread on artificial turf in order to support the blades of the artificial fibre. This
material is removed by vacuum and collected by tractor. A forklift runs in tandem with the tractor and
supports the bag used for collection of the vacuumed material. Waste bags are transported to tempo-
rary storage by trucks equipped with loader cranes.

Machinery required Tractors, forklifts, truck with loader crane

Application and Imple-
mentation

Application conditions Uneven surfaces decrease decontamination effectiveness

Implementation restrictions Not good for uneven ground

Evaluation

Material removed

Area decontaminated (per day)
2 600 m2

(9 men, 2 vacuum machines)

Volume of waste generated
10 - 20 l m-2

(thickness of stripping ~ 5 mm)

Waste type Artificial turf

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF 2.5-2.9

Gamma dose rate reduction 60-65%

Cost (direct implementation cost, area > 1000 m2) 150 Yen m-2

Points to note for this
decontamination method

Decontamination effect is dependent on the number of runs.
In order to increase decontamination rate of filled material, multiple runs were needed.
Reduction in working speed is required for repeated applications on the same area.
Overlay of new material can provide a reduction in radioactivity through shielding.

Decontamination of futsal (Japanese vari-
ant of football) ground

Decontamination of tennis court
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A.4.15 Topsoil stripping – hammer knife mower

Reference Public Infrastructure-15

Land use type Large areas with organic cover

Surface Turf

Decontamination method Thin-layer topsoil stripping

Content Loosening topsoil (Hammer knife mower), collection (sweeper), packaging and transportation

Decontamination
method outline

Topsoil is loosened with a hammer knife mower before being collected with a mechanical sweeper.
Wastes arising are packed into flexible bags using mechanical digger and person power and trans-
ferred to temporary storage with truck with loader crane.

Machinery required Hammer knife mower, sweeper (with wire brush), mechanical digger,
truck with loader crane

Application and Imple-
mentation

Application conditions Not suitable if significant contamination is penetrated below a depth of 2
cm

Implementation restrictions Difficult to execute on ground which has extreme unevenness and on
ground with insufficient load bearing capacity

Evaluation

Material removed

Area decontaminated (1 person day) 65 m2

Volume of waste generated ~ 20 l m-2 (2 cm depth)

Waste type Soil

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF ~ 10

Gamma dose rate reduction ~ 90%

Cost (direct implementation cost, area > 1000 m2) 710 Yen m-2

Points to note for this
decontamination method

It is important to determine the depth distribution of radioactivity in the soil in order to deter-
mine the optimal stripping thickness and minimise waste production.
This technique can remove 6 mm at a time.

Loosening topsoil with hammer knife mower Collecting with sweeper
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A.4.16 Topsoil stripping – road stripping vehicle

Reference Public Infrastructure-16

Land use type Large areas with organic cover

Surface Turf

Decontamination method Thin-layer topsoil stripping

Content Levelling (vibrating rollers), stripping topsoil (road stripping vehicles), collection, packaging and trans-
portation

Decontamination
method outline

The topsoil is stripped using road stripping vehicles. For soft topsoil, a vibrating roller is applied prior to
soil stripping to compact and level the surface (this prevents the vehicle from sinking). Stripped soil is
loaded onto trucks by way of conveyer belts. From the trucks the stripped soil is packed into flexible
bags either manually or using a mechanical digger. Finally, waste bags are transported to temporary
storage by trucks with loader cranes.

Machinery required Road stripping vehicles (length 10.6 m, width 2.5 m, working width 2 m,
weight – 2.3 t)

Application and Imple-
mentation

Application conditions -

Implementation restrictions Difficult to execute on ground which has extreme unevenness and low
weight bearing capacity (e.g. waterlogged soil)

Evaluation

Material removed

Area decontaminated (1 person day) 175 m2

Volume of waste generated 20 – 50 l m-2 (stripping depths 2-
5 cm)

Waste type Soil

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF 5-10

Gamma dose rate reduction 80-90%

Cost (direct implementation cost, area > 1000 m2) 360 Yen m-2

Points to note for this
decontamination method

It is important to determine the depth distribution of radioactivity in the soil in order to deter-
mine the optimal stripping thickness and minimise waste production.
Ground condition and its ability to withstand vehicle load must be considered.
Combining several methods, such as manual operation and mechanical digger, is ideal for a
big heavy machine, as some small places (such as around playground areas) are difficult to
access with large equipment.

Road stripping vehicles Rotating cutting blade
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A.4.17 Topsoil stripping – motor grader

Reference Public Infrastructure-17

Land use type Large areas with organic cover

Surface Turf

Decontamination method Thin-layer topsoil stripping

Content Levelling (vibrating rollers), topsoil stripping (motor grader), collection, packaging and transportation

Decontamination
method outline

First, the surface is levelled with vibrating rollers, and the turf is stripped using a motor grader. The turf
is collected using a mechanical digger and packed into bags. Waste bags are transported by trucks
equipped with loader cranes to temporary storage.

Machinery required Compound rollers, motor grader, mechanical digger with bucket, truck
with loader crane

Application and Imple-
mentation

Application conditions -

Implementation restrictions Difficult to execute on ground which has extreme unevenness and low
weight bearing capacity (e.g. waterlogged soil)

Evaluation

Material removed

Area decontaminated (1 person day) 160 m2

Volume of waste generated
20 - 50 l m-2

( stripping depth 2-5 cm)

Waste type Soil, grass

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF 10

Gamma dose rate reduction ~ 90%

Cost (direct implementation cost, area >1000 m2) 290 Yen m-2

Points to note for this
decontamination method

It is important to determine the depth distribution of radioactivity in the soil in order to deter-
mine the optimal stripping thickness and minimise waste production.
Suitable for wide open areas only

Motor grader
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A.4.18 Topsoil-subsoil substitution

Reference Public Infrastructure-18

Land use type Large areas with organic cover

Surface Turf

Decontamination method Topsoil-subsoil substitution

Content Stripping topsoil with mechanical digger, stripping subsoil, backfilling topsoil, backfilling subsoil

Decontamination
method outline

The top ten cm of soil (which includes 90% of Cs) is stripped and stored at the edge of the stripping
area. The subsoil below the top 10 cm is stripped to a depth of ~ 20 cm (also stored at the edge of
the stripping area). The top 10 cm is then backfilled first and this is followed by the subsoil on top.

Machinery required Mechanical digger with flat bucket, Mechanical digger with nails

Application and Imple-
mentation

Application conditions -

Implementation restrictions Drainage systems should be greater than 30 cm depth otherwise there
may be a risk of damage.

Evaluation

Material removed

Area decontaminated (1 person day) 150 m2

Volume of waste generated ―

Waste type ―

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF 5-6.7

Gamma dose rate reduction 80-85%

Cost (direct implementation cost, area > 1000 m2) 230 Yen m-2

Points to note for this
decontamination method

It is important to determine the depth distribution of radioactivity in the soil in order to deter-
mine the optimal depth of topsoil and subsoil substitution including the shielding capacity
(98% shielding effect by 30 cm soil cover).
Conduct temporary placing according to the plan in order not to mix stripped topsoil with
subsoil (Secure decontamination effect by contamination expansion prevention).

Excavation of 10-20 cm depthExcavation of upper 10 cm
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A.4.19 Turf stripping

Reference Public Infrastructure-19

Land use type Large areas with organic cover

Surface Turf

Decontamination method Turf stripping

Content Turf stripping (large turf stripping machine), collection, packaging and transportation

Decontamination
method outline

Turf is stripped to a depth of 2 to 5 cm with a large turf stripping machine and the stripped turf is col-
lected manually. The collected turf is placed manually into flexible bags and transported to temporary
storage by trucks with loader cranes.

Machinery required Large turf stripping machine, truck with loader crane

Application and Imple-
mentation

Application conditions Flat ground

Implementation restrictions
Not suitable for highly uneven or stony ground

Evaluation

Material removed

Area decontaminated (1 person day) 180 m2

Volume of waste generated
20 - 50 l m-2

(stripping depth 2-5 cm)

Waste type Grass, soil

Water treatment required

Volume of water used ―

Collection method ―

Collection rate ―

Decontamination
DF 1.8

Gamma dose rate reduction ~ 45%

Cost (direct implementation cost, area > 1000 m2) 470 Yen m-2

Points to note for this
decontamination method

It is important to determine the depth distribution of radioactivity in the soil in order to de-
termine the optimal stripping thickness and minimise waste production.
Sod cutter or manual removal of turf may be required for smaller spaces where the large
turf cutting machine cannot access.

Large turf stripping machine After turf stripping
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A.4.20 Swimming pools

Reference Public Infrastructure-20

Land use type Leisure

Surface Swimming pool

Decontamination
method Water removal, sludge removal, high-pressure water washing, brushing

Decontamination
method outline

Pool water is removed using vacuum tankers which transport the water to water treatment facilities.
Sludge is removed from the pool bottom either manually using brushes or is removed using the same type
of vacuum tanker (again the sludge is then transported to water treatment facilities). Poolside, pool walls
and the pool floor are washed with high-pressure water washing machines (5-25 MPa) and all sludge re-
moved. Wash water is transported to water treating facilities by vacuum tanker.

Machinery required
Vacuum tankers, high-pressure water washing machines
(maximum 50 MPa), brushes

Application and Im-
plementation

Application conditions -

Implementation restrictions -

Evaluation

Material removed

Area decontaminated (1 person day) 45 m2

Volume of waste generated ~ 1 l m-2

Waste type Sludge, water

Water treatment required

Volume of water used ~ 0.6 - 0.7 l m-2

Collection method Vacuum suction

Collection rate 100%

Decontamination
DF 2.5-10.0

Gamma dose rate reduction 60-90%

Cost (direct implementation cost, area > 1000 m2) 800 000 Yen

Points to note for
this decontamina-

tion method

The water jet should be directed at right angles to the target area and the distance between the
jet nozzle and target surface should be ≤ 20 cm for maximum decontamination effect.
Cover areas surrounding decontamination target area with plastic sheeting to prevent second-
ary contamination.

Brushing and washingSludge removal by vacuum tanker
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A.4.21 Water treatment facilities

Reference Public Infrastructure-21

Land use type Water treatment facilities

Waste type Contaminated water

Decontamination method Sedimentation by coagulation

Decontamination
method outline

Mud-water separation of contaminated water is performed with vacuum tankers. Suspended sedi-
ment that has been removed by filtration goes for water extraction before being packed into flexible
bags. Waste bags are transported to temporary storage using a truck with loader crane.
Suspended sediment is aggregated and precipitated with adsorbent and flocculating agent. Superna-
tant liquid is filtered with a single use filter. It is important to make sure that the radioactive concen-
tration is below criterion value and then water can be released. Sludge is packed into flexible bags
and then transported to temporary storage.

Machinery required Two treatment tanks (3 m3), water tanks (various sizes – 12 m3,10
m3, 8 m3), mechanical digger, truck with loader crane, pumps

Application and Imple-
mentation

Application conditions -

Implementation restrictions -

Evaluation

Material removed

Area decontaminated (1 person day) 11 m3

Volume of waste generated 75 kg m-3 water

Waste type Sludge

Water treatment required

Volume of water used -

Collection method -

Collection rate -

Decontamination
DF

Before treatment：
290 - 33 100 Bq kg-1

After treatment：
below limit of detection

(4 Bq kg-1)

Gamma dose rate reduction ~ 100%

Cost (direct implementation cost, area > 1000 m2) 6 000 Yen m-3

Points to note for this
decontamination method

Caution should be taken in winter to prevent damage to equipment through water freezing.
It is recommended that reaction tanks and flocculation basins are controlled by liquid level
indicator (float-type level switch).
Treated water will only be released if it meets the criterion level.

Transfer of water from vacuum tanker to
treatment tank

Sludge remaining after treatment
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A.4.22 Slope failure prevention infrastructure - strimming vegetation

Reference Public Infrastructure-22

Land use type Slope prevention infrastructure

Surface Slopes

Sub category Concrete crib retaining walls

Decontamination method Strimming

Decontamination
method outline

Undergrowth (shrubs and bamboo) is cut manually using over the shoulder style strimming ma-
chines. Cut vegetation is manually gathered using rakes and packed into flexible bags before being
and transported to temporary storage by trucks with loader cranes.

Machinery required Shoulder-type strimming machine, truck with loader crane (4 t or 12 t)

Application and Imple-
mentation

Application conditions -

Implementation restrictions -

Evaluation

Material removed

Area decontaminated (1 person day) ~ 80 m2

Volume of waste generated 5 - 10 l m-2

Waste type Vegetation

Water treatment required

Volume of water used -

Collection method -

Collection rate -

Decontamination
DF -

Gamma dose rate reduction -

Cost (direct implementation cost, area > 1000 m2) 200 Yen m-2

Points to note for this
decontamination method

This technique provides little dose reduction in itself but is required for subsequent soil
stripping (see following YELLOW PAGE).
Vegetation should be cut as close to the ground surface as possible to maximise waste
that can undergo volume reduction.
Care must be taken for slope failure prevention (placement of sand bags).
Safety ropes required.

Strimming slope support structures Worker with safety rope

- ��� -

JAEA-Review 2014-051



A.4.23 Slope failure prevention infrastructure - soil removal

Reference Public Infrastructure-23

Land use type Slope failure prevention

Sub category Concrete crib retaining walls

Decontamination method Vegetation and soil removal within grating crib

Content Manual removal of surface soil and vegetation, collection, packaging and transportation

Decontamination
method outline

Vegetation (including the rooting zone) is first removed from the topsoil with trowels and shovels.
Next the vegetation sandbags are removed from the inside of the grating crib. Removed objects are
collected manually, packed into flexible bags and transported to temporary storage.

Machinery required Truck with loader crane

Application and Imple-
mentation

Application conditions Target areas: retaining walls close to schools or residential land

Implementation restrictions -

Evaluation

Material removed

Area decontaminated (1 person day) No data available

Volume of waste generated 1 500 l m-2

Waste type Vegetation, soil

Water treatment required

Volume of water used -

Collection method -

Collection rate -

Decontamination
DF ~ 10

Gamma dose rate reduction ~ 90%

Cost (direct implementation cost, area > 1000 m2) Data not available due to lim-
ited testing

Points to note for this
decontamination method

Working efficiency is reduced on slopes (as compared to flat ground).
Provisions are required to prevent slope surface failure (e.g. placement of sandbags).
Safety ropes are required to ensure worker safety on steep slopes.

Dose measurement after removal of vegetation from grating crib
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Appendix B TERMINOLOGY

The terminology used in this report includes both universally used technical terms (e.g. Health Physics
Society53), Environmental Protection Agency54) and the Nuclear Regulatory Commission55)), in addition to
terms specific to this report.

Decontamination Actions taken in an attempt to reduce the radiation dose. This could be the
removal of soil for example, or the removal of radioactive contaminants by
washing, blasting or perhaps the use of peeling agents. Measures that are
undertaken to reduce radiation dose that do not involve the removal of ra-
dioactive contaminants e.g. soil turnover, are in many instances referred to
as remediation. However, in this document all methods to reduce dose,
whether they involve the removal of contaminated material or not, are re-
ferred to as decontamination.

Decontamination factor The percentage reduction in a radioactivity point measurement after decon-
tamination work has been performed.

Dilution & dispersion Processes of redistribution of radioactivity which leads to a decrease in its
concentration.

Disposal Isolation of the waste from the human environment, in this case within a
specially engineered barrier system and / or underground in a suitable ge-
ological setting.

Hotspots Locations where radioactivity is significantly higher than the local average,
due to either initial deposition or subsequent concentration.

Incineration Waste treatment process that involves the combustion of flammable wastes
in order to minimise waste volume and reduce their vulnerability to degra-
dation during storage.

Interim storage Intended to be a specially engineered storage facility where decontamina-
tion wastes will be moved to from current temporary storage until a final
disposal concept has been agreed upon. Currently the centralised interim
storage facilities (1 or more) are planned to hold waste for a period of up to
30 years.

Monitoring Here covers all measurement of radioactivity, generally performed on a reg-
ular basis after initial characterisation. Monitoring may be performed on a
regional basis (e.g. aerial monitoring) or on a more local basis (e.g. after
decontamination activities).

Quality Assurance (QA) Planned and systematic processes aimed at providing confidence in a prod-
uct and its suitability for its intended purpose. In this case the product is the
outcome of the decontamination work.

Radiocaesium An unstable isotope (of which there are 11 major ones) of caesium (Cs).
137Cs and 134Cs are the isotopes of most concern in the context of post-
Fukushima accident remediation.

Runoff Natural flow of water over land, enabling movement of particles (and asso-
ciated radionuclides) into aquatic systems.

Self-cleaning The process whereby there is removal of radioactive contaminants from the
terrestrial environment by natural processes (e.g. erosion and transport to
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sea) or natural reduction in effective dose (e.g. by bioturbation transporting
the contaminant to depth in soil).

Sorption The interaction of an atom, molecule or particle with the solid surface at a
solid–solution (or a solid–gas) interface.

Stakeholder Any party who has an interest in the decontamination work.

Temporary store A specially engineered storage facility (located at each of the decontami-
nation sites). The waste will then be transported to centralised interim stor-
age facilities, which were planned to commence receiving the waste in Jan-
uary 2015.
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Appendix C ABBREVIATIONS

AUH Autonomous Unmanned Helicopter

DPP Decontamination Pilot Project - decontamination work carried out within the evacuation
zone by JAEA in order to examine the applicability of decontamination techniques on a
larger scale. Initially, the first decontamination projects undertaken by JAEA to demon-
strate the effectiveness of a range of decontamination techniques were known as the
“decontamination model project” and then the “decontamination demonstration project”.
The name was changed to DPP to reflect the fact that these initial test projects were just
the beginning of R&D into decontamination methodology for the regional decontamina-
tion work.

DF Decontamination Factor

FDI Fukushima Daiichi (in Japan often simply 1F – “ichi-efu”)

HEPA filter High Efficiency Particulate Air filter

IAEA International Atomic Energy Agency

JAEA Japan Atomic Energy Agency

JV Joint Venture

METI Ministry of Economy, Trade and Industry

MEXT Ministry of Education, Culture, Sports, Science and Technology

MOE Ministry of the Environment

N/A Not applicable

NPS Nuclear Power Station

PPE Personal Protective Equipment

SPEEDI System for Prediction of Environmental Emergency Dose Information
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国際単位系（SI）

乗数　 接頭語 記号 乗数　 接頭語 記号

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60s
時 h 1h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10800) rad
秒 ” 1”=(1/60)’=(π/648000) rad

ヘクタール ha 1ha=1hm2=104m2

リットル L，l 1L=11=1dm3=103cm3=10-3m3

トン t 1t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1u=1 Da
天 文 単 位 ua 1ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1メートル系カラット = 200 mg = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー）4.184J（｢熱化学｣カロリー）

ミ ク ロ ン µ 1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 sA
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 sA
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 sA
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 sA
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立法メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立法メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 基本単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン AsC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量, 方向

性線量当量, 個人線量当量
シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100kPa=105Pa
水銀柱ミリメートル mmHg 1mmHg=133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)2=10-28m2

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ ジ ベ ル dB    

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ ｪ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ｃ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（c）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。

（第8版，2006年改訂）




