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Radioactive decontamination waste generated by remediation following the Fukushima nu-
clear power plant accident was recently transported from its temporary storage sites to in-
terim storage facilities as a pilot test. A transportation plan for the radioactive decontamina-
tion waste will be developed based on this pilot transportation experience and radiological
safety assessment of pilot transportation. The objective of this study was to assess radiation
doses to the public and crew workers released during incident-free pilot transportation. Ex-
ternal dose rates around a transportation vehicle were calculated by using the Monte Carlo
N-Particle code. Collective doses and maximally exposed individual doses to the public and
effective doses to crew workers were calculated by using INTERTRAN. Two transportation
routes, Asakawa-machi to Okuma-machi and Iwaki-shi to Okuma-machi, were considered.
The maximum radioactivity concentration in the decontamination waste was calculated to be
660 kBqkg~! which meets the value laid down by the guidelines of Japan's Ministry of the En-
vironment. The collective doses to the public per shipment were 1.9-10-3 person-mSv for the
Asakawa route and 2.2-10-* person-mSv for the Iwaki route. Maximally exposed individual
doses to the public were 9.6-10-7 mSv for the Asakawa route and 2.7-10-> mSv for the Iwaki
route. The total effective doses to crew workers were 0.27 mSv for the Asakawa route assum-
ing five shipments per worker and 1.07 mSv for the Iwaki route assuming 45 shipments per
worker. The radiation dose levels to the public and workers evaluated in this study were much
lower than the annual dose limits for the general public and radiation workers. These study
results can be used to develop transportation plans and guidelines for decontamination waste
transportation.
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INTRODUCTION

Following the Fukushima nuclear power plant
(NPP) accident radioactive materials were dispersed
in the atmosphere and deposited onto the terrestrial en-
vironment. The Japanese government has continu-
ously remediated the contaminated areas [1] and these
remediation activities generated large volumes of de-
contamination waste, estimated at approximately 22
million m? [2]. According to the decontamination plan
formulated by the Ministry of the Environment (MOE)
of Japan, decontamination waste generated by
remediation in the Fukushima Prefecture has been
stored at temporary storage sites (TSS) [3]. Within the
special decontamination area (SDA), for which Japa-
nese government has assumed the responsibility to
formulate and effect remediation plans, approximately
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4.6 million m? of decontamination waste has been
stored in approximately 250 TSS [4].

In September 2014, the governor of Fukushima
approved the construction of interim storage facilities
(ISF) in Okuma-machi and Futaba-machi to ensure
safety and provide complete control over the decon-
tamination waste until a disposal site would be avail-
able [2]. Since March 2015, pilot transportation of de-
contamination waste from TSS to ISF had been
implemented for approximately one year in order to
confirm safe and secure transportation [2, 5]. During
pilot transportation, approximately 45 000 m* of de-
contamination waste was transported from 43 TSS
during this period [6]. The MOE is preparing for future
transportation by the implementation and review of
this pilot transportation.

Radiological safety assessments for radioactive
material transportation have been reported in refer-
ences. The US Department of Energy (DOE) has de-
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veloped safety assessment tools, such as RADTRAN
and RISKIND [7]. A study by Vieru evaluated the
safety and risk of transportation of radioactive materi-
als [8]. Weiner assessed radiological risk resulting
from transportation of low-level radioactive waste
(LLW) and naturally occurring radioactive material
(NORM) under incident-free conditions [9]. Argonne
National Laboratory (ANL) reported a transportation
impact assessment for shipment of uranium hexa-
fluoide (UFy) cylinders [10]. The MOE assessed the
radiation dose to the public from decontamination
waste transportation [11].

Assessment of radiation doses to the public and
workers is required for radiological safety assessment
of decontamination waste transportation. A radiologi-
cal safety assessment for transportation was per-
formed by Japan's MOE [11]. However, it was a pre-
liminary evaluation made for transportation planning.
Therefore, MOE suggested that radiation dose assess-
ment to pedestrians and workers should also be made
during decontamination waste transportation. The ob-
jective of the present study was to assess radiological
safety for the transportation of decontamination waste
resulting from the Fukushima NPP accident. We cal-
culated radiation doses to the public and crew workers
released due to the pilot transportation of the waste.
External dose rates around a transportation vehicle
were evaluated by applying a radiation transport code.
Radiation doses to the public and workers were calcu-
lated by using a safety assessment tool for radioactive
waste transportation. This study was limited to inci-
dent-free transportation.

MATERIALS AND METHODS

Evaluation of external dose rates
around a transportation vehicle

firm that transportation follows the MOE guidelines. The
radiation dose rates were evaluated by changing the ra-
dioactivity concentration in decontamination waste from
3 kBgkg ! to 1 000 kBgkg ™.

Input parameter values for the dose rate evalua-
tion were collected by reviewing the available refer-
ences and used for the evaluation. Decontamination
waste made up more than 75 % of contaminated soil
[12]. Therefore, decontamination waste was regarded
as contaminated soil. Mass density and elemental
composition of the contaminated soil were classified
as soil type 1 defined by International Commission on
Radiation Units and Measurements (ICRU) publica-
tion 53 [13]. The soil properties for radiation dose as-
sessment are summarized in tab. 1. In most cases, a
waterproof sandbag or a flexible container was used
for packaging of the decontamination waste in TSS.
The diameter and height of the sandbag and container
were approximately 1.1 m fig. 1(a). The sandbag or
container was only used to prevent dispersion, out-
flow, and leakage of the waste and thus had no radia-
tion shielding effect [14]. The ratio of radioactivity
concentrations between '3#Cs and '3’Cs in the decon-
tamination waste was assumed to be 1 to 3 by consid-
ering the decay time after the Fukushima NPP acci-
dent. The transportation vehicle was assumed to be a
10-ton truck, which can be loaded with seven decon-
tamination waste packages figs. 1(b) and 1(c).

External dose rates were calculated by using the
Monte Carlo N-Particle (MCNP) code for simulating
the contaminated soil and exposure condition. The ex-
ternal dose rates were calculated at the side and in the
front of a transportation vehicle 1 m from the vehicle
surface at the central line position of the side surface
(P-1) and at the central line position of the front sur-

Table 1. Soil properties for radiation dose assessment of
the public and crew workers

Property Value
According to the decontamination waste transfer Density [gem ] 2.0
guidelines drawn up by MOE, the maximum external H 2.20
dose rate should not exceed 100 uSvh™ at the distance of - l o 57.5
. . ementa
1 m from the back and sides of the vehicle and 20 uSvh! composition [%] A.l 8.5
at 1 m from the front of the vehicle. External dose rates Si 26.2
around a transportation vehicle were evaluated to con- Fe 5.60
7.7m 77m
C1m 53m il
= B _im | 53m
44m . = -
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Figure 1. Geometric dimensions of decontamination waste packages and the transportation vehicle
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face (P-2). Dose conversion coefficients from Publica-
tion 74 of the International Commission on Radiologi-
cal Protection (ICRP) were used for dose calculation
[15].

Assessment of radiation doses to
the public and workers

Radiation doses emitted to the public and crew
workers were assessed. For public exposure, collec-
tive doses and maximally exposed individual doses
were calculated. For worker exposure, effective doses
for each link and route were calculated. In addition,
cumulative doses for each route were calculated con-
sidering multiple transportations. The INTERTRAN
code was used to calculate the radiation doses from in-
cident-free transportation. Radiation doses resulting
from the waste transportation depended on the trans-
portation route characteristics and exposure condi-
tions. Therefore, such data were collected and used for
dose assessment.

*oIT7 = 0

Vi Okuma interim

A \.', N storage facility \ :

Asakawa temporary
@ . 5 storage facility

L : —

Two transportation routes were considered —
Asakawa-machi to Okuma-machi and Iwaki-shi to
Okuma-machi, fig. 2. Each route was subdivided into
three links according to road type or region. The
Asakawa route was subdivided into Asakawa TSS —
Tamakawa IC (link 1), Tamakawa IC — Tomioka IC
(link 2), and Tomioka IC — Okuma ISF (link 3) accord-
ing to road type. The Iwaki route was subdivided into
Iwaki TSS — Kawauchi-cho (link 4), Kawauchi-cho —
Nogami-cho (link 5), and Nogami-cho — Okuma ISF
(link 6) according to region.

The information on road type and route length
was abstracted from the Ministry of Land, Infrastruc-
ture, Transport and Tourism (MLIT). According to
road type Link 2 was a freeway and the others were
non-freeway. The population density and vehicle den-
sity for each link were abstracted from the Statistics
Bureau of the Ministry of Internal Affairs and Com-
munication (MIC) and traffic information from
Fukushima Prefecture. The volumes of decontamina-
tion waste transported through the Asakawa and Iwaki
routes were approximately 100 m? and 1 000 m?, re-

p: .

Okuma interim
storage facility VE b

iRe

Ilwaki temporary
storage facility

Figure 2. Transportation routes for decontamination waste: Asakawa-Okuma route (a) and Iwaki-Okuma route (b)

Table 2. Transportation route information, which affect radiation doses to the public and crew workers

Route Vehicle density | Population I:}?imrt;lirn?sf
Route Link Detail route Road type u (vehicle per | density (person P
length [km] hour) er km?) (average per
p worker)
. Asakawa TSS
Link 1 |~ Tamakawa 1C| Non-Freeway 21.2 758 181.8
Asakawa — . Tamakawa IC 15 (5 per
Okuma Link 2 — Tomioka IC Freeway 108.0 72.5 93.8 worker)
Link 3 Tomioka IC Non-Freewa 36.7 -2 -2
— Okuma ISF Y ’
. Iwaki TSS
Link 4 | Kawauchi-cho| Non-Freeway 16.4 47.5 106.4
Iwaki— Okuma| Links |Xawauchi-cho |\ g o eway 204 403 13.9 143 (45 per
— Nogami-cho worker)
: N " h - a a
Link 6 (())l%frrrlllacls(l)? Non-Freeway 10.0 - -

* Areas where it is anticipated that residents will not be able to return to for a long time
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Figure 3. Exposure conditions for the public during decontamination transportation on non-freeway (a) and freeway (b)

routes

spectively [16, 17]. The number of shipments was 15
for the Asakawa route and 143 for the Iwaki route. The
average number of shipments per worker were five for
the Asakawa route and 45 for the Iwaki route.

Members of the public around the transportation
routes were subdivided into those along the route
(off-link) and those sharing the route (on-link). The
off-link population were all the persons living or
working by each side of the transportation route. The
on-link population were persons in all the vehicles that
shared the transportation routes, and this group in-
cluded persons traveling in both the same and the op-
posite directions as the shipment, as well as persons in
vehicles passing by the shipment. The ratio of pedes-
trians to the residential population in off-link was as-
sumed to be 1 to 3. The shielding factor was set as 0.4
considering that houses in Japan are wooden.

Figure 3 shows exposure conditions for the pub-
lic during transportation on non-freeway and freeway
routes. Exposure conditions for non-freeway and free-
way routes were assumed based on H22 road informa-
tion [12]. For the non-freeway route, it was assumed
that the minimum distance between the side surface of
the vehicle and residents along the street was 3 m. In
addition, the minimum distance between vehicles
travelling in the same direction was 4 m and the mini-
mum distance between vehicles travelling in the oppo-
site direction was 3.25 m. For the freeway route, the
minimum distance between the side surface of the ve-
hicle and residents along the street was 10 m consider-
ing the shoulder and the width of the street. In addition,
the minimum distance between vehicles travelling in
the same direction was 4 m and the minimum distance

between vehicles travelling in the opposite direction
was 5 m considering a median strip and the width of
the road. The average speed of a vehicle on the
non-freeway and freeway routes were assumed to be
30 kmh™! and 70 kmh™', respectively.

Radiation doses to crew workers were also as-
sessed. It was assumed that the crew worked on its
own and did not work in shifts. The exposure condi-
tion of the crew workers was the same as the public ex-
posure condition mentioned previously. The radiation
dose per one shipment was evaluated by link and
route. In addition, the cumulative dose for each route
was calculated by considering the average number of
shipments per crew worker.

RESULTS AND DISCUSSION

Radiation dose rates around
a transportation vehicle

Table 3 shows the external dose rates at the dis-
tance of 1 m from the transportation vehicle surface.
Assuming 3 kBqkg ! of radioactivity concentration in
the waste, dose rates were 0.17 uSvh! at the central
line position of the side surface and 0.09 uSvh™! at the
central line position of the front surface. Increasing the
radioactivity concentrations in the decontamination
waste up to 1000 kBgkg ™!, the dose rates increased up
to 56 uSvh! at the side position and 29 pSvh! at the
front position. The study results were approximately
37%-60% lower than the preliminary results of MOE
[11]. MOE assumed that the vehicle container was
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Table 3. External dose rate around a transportation vehicle
by radioactivity concentration in decontamination waste

Radioactivity External dose rate [uSvh™]
ggggsgrrﬂrlgtliéﬁ P-1 (side position) | P-2 (front position)
waste [kBqkg™'] | This study | MOE |This study] MOE

3 0.17 0.27 0.09 0.20

8 0.45 0.72 0.23 0.53
30 1.7 2.7 0.87 2.0
150 8.3 13 4.4 10
500 28 44 15 33
1.000 56 89 29 66

fully filled with decontamination waste, thus overesti-
mating the radiation source and the resulting radiation
doses. In fact, seven decontamination waste packages
were loaded on to a vehicle for transportation. This
study evaluated dose rates emitted from the vehicle
carrying seven waste packages to simulate actual con-
ditions, figs. 1 and 2.

The maximum radioactivity concentration in the
decontamination waste was estimated to be approxi-
mately 660 kBgkg™! to meet the value laid down in the
MOE guidelines (less than 100 uSv h-1 at the back and
sides and 20 uSvh™! in the front of the vehicle). For the
radioactivity concentration, dose rates were 37 uSv h™!
at the side position and 20 pSvh ! in the front. No radia-
tion shielding effect was considered in the dose rate cal-
culation. A special transportation container with proper
radiation shielding may need to be developed and used
to transport decontamination waste at higher concentra-
tions than the maximum concentration value mentioned
above.

Radiation doses to the public

Figure 4 shows collective doses to the public
from incident-free transportation. The collective dose
per shipment was the highest for link 1 (1.1-1073 per-
son-mSyv per shipment). The differences in collective
doses could be attributed to transportation time (deter-
mined by route length and vehicle speed), population
density, and road type. The transportation time of link
2 was 2.2 times higher than that of link 1 due to the
route length and road type. However, the population
density of link 1 was two times higher than that of link
2, and the distance between the road and the residents
along the street of link 1 (non-freeway) was shorter
than that of link 2 (freeway). Therefore, the collective
dose for link 1 was the highest for the Asakawa route.
Although the route length and vehicle density of link 4
was similar to those of link 5, the population density
along link 4 was ten times higher than the one along
link 5. Therefore, the collective dose for link 4 was the
highest for the Iwaki route. For links 3 and 6, it was as-
sumed that residents would not be able to return for a
long time. Therefore, collective doses for these links
were not calculated. The collective doses per shipment
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Figure 4. Collective doses to the public resulting from
incident-free transportation; Radiation doses per
shipment (a) and cumulative doses from multiple
transportations (b). For the cumulative dose
calculations, the total number of shipments for each
route was considered

were 1.9-1073 person-mSv for the Asakawa route and
2.2-10~* person-mSyv for the Iwaki route.

The collective doses for the off-link population
on the Asakawa route were 4.3-1073 person-mSv (26 %)
for link 1 and 4.1-107 person-mSv (38 %) for link 2. In
the case of the Iwaki route, collective doses for the
off-link population were 1.7-1072 person-mSv (76 %)
for link 4 and 2.9-107 person-mSv (34 %) for link 5.
The collective dose for off-link depended on the trans-
portation time, population density, and exposure condi-
tion of the off-link population. Link 4 took up the high-
est proportion of collective dose for off-link because the
population density relative to the vehicle density was
much higher than for the other links.

The cumulative dose varied depending on the
number of shipments, as well as the radiation dose per
shipment. The cumulative doses were calculated by
considering the total number of shipments for each
route: 15 times for the Asakawa route and 143 times
for the Iwaki route. The cumulative dose was higher
for the Iwaki route due to the larger number of ship-
ments. The cumulative doses were 0.27 mSv for the
Asakawa route and 0.031 mSyv for the Iwaki route.

Maximally exposed individual doses to the pub-
lic were 9.6-107" mSv and 2.7-107> mSy at the distance
of 3 m from the vehicle for the Asakawa route and the
Iwaki route, respectively. The dose levels were much
lower than the annual dose limit for the general public.
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Radiation doses to crew workers

Figure 5 shows the effective doses to crew work-
ers during incident-free transportation. Radiation doses
to crew workers per shipment were the highest for link 2
(0.024 mSv per shipment) and the lowest for link 6
(0.005 mSv per shipment). The difference in effective
doses to workers could be attributed to route length and
vehicle speed, and therefore to transportation time. The
transportation time of link 2 was approximately 1.5
hours, which was the longest time for the Asakawa
route. In the case of the Iwaki route, the transportation
time of link 5 was approximately 0.7 hours, which was
the longest time for the route. The radiation doses per
shipment were 0.053 mSv for the Asakawa route and
0.024 mSv for the Iwaki route.

The cumulative doses were calculated by con-
sidering the average number of shipments for each
route. The total effective doses were 0.27 mSv and
1.07 mSv for the Asakawa route and the Iwaki route,
respectively. The dose levels were much lower than
the annual dose limit for radiation workers.
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Figure 5. Effective dose to crew workers resulting from
incident-free transportation: Radiation dose per
shipment (left) and cumulative dose from multiple
transportations (right). For the cumulative dose
calculations, the average number of shipments per crew
worker was considered for each route

CONCLUSIONS

Radiological safety assessment was made for pi-
lot transportation of decontamination waste created by
the Fukushima NPP accident. Radiation doses emitted
to the public and crew workers resulting from trans-
portation were assessed considering the transportation
route. Decontamination waste properties, transporta-
tion route characteristics, and exposure conditions for
each route were considered in the dose assessment.

External dose rates around a transportation vehicle
were proportional to radioactivity concentrations in de-
contamination waste. Assuming 660 kBgkg ™! of radio-
activity concentration in the waste, the external dose
rates were 37 uSvh ! at the side position and 20 pSvh ' at
the front position. The collective doses to the public per
shipment were 1.9-10 person-mSv for the Asakawa
route and 2.2-10 person-mSv for the Iwaki route. The
maximally exposed individual doses to the public were
9.6:10”7 mSv for the Asakawa route and 2.7-10°> mSv
for the Iwaki route. The total effective doses to crew
workers were 0.27 mSv for the Asakawa route and
1.07 mSv for the Iwaki route.

The maximum radioactivity concentration in the
decontamination waste without waste package pro-
viding a shielding effect was 660 kBgkg™' to meet the
MOE guidelines. A special transportation container
with proper radiation shielding may need to be devel-
oped and used to transport waste with a higher concen-
tration than the maximum value. The dose levels to the
public and workers were evaluated as being much
lower than the annual dose limits for the general public
and radiation workers. Therefore, it can be concluded
that radiological safety was provided by this inci-
dent-free transportation. Further study for radiological
safety assessment is necessary considering potential
incidents during waste transportation. These study re-
sults can be used to develop transportation plans and
guidelines for decontamination waste transportation.
In addition, the safety assessment procedure can be
used for emergency preparedness.
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Mun Byen KUM, 'Bu Byenr CYHI, Bun Xo I[TAPK, Tae I'san 10, Bun O JIE, Ksanr [Tjo KUM

INPOLIEHA PAIMNOJJOHNIKE CUI'YPHOCTU TPAHCIIOPTA BE3
NMHIIMIEHTA JEKOHTAMUHALIMOHOI' PAIIMOAKTUBHOT OTIIAIA
HAKOH HECPERE Y HYKIIEAPHOJ EJIEKTPAHU ®YKYHNINMA

PajnoakTHBHY IeKOHTAMMHALMOHM OTIAJ, HACTA0 pEeMEeHjallijOM HaKOH HYKJIeapHOI aKIu-
leHTa y enekTpanu Pykyimma, HeJJaBHO je MPeBe3eH ca MPUBPEMEHNX CKIIAMIITA [0 Mpesla3HuX ofJia-
rajguiira, kao nunor TecT. Ha ocCHOBY oBOr MCKycTBa y IHMJIOT TPAHCIOPTY M IPOLIEHE PaMOJIOLIKE
CUTYPHOCTH NMJIOT IpeBo3a, Ouhe pa3BUjeH IulaH TPaHCIOpPTa PajuOaKTUBHOI AEKOHTaAMUHAIMOHOT
otnapa. Lk oBe cTypuje 610 je ga ce mpoLeHe 103€ 3padetha KojuMa ¢y OMIIN U3JI03KEHU CTAHOBHUILTBO U
TPaHCHOPTHE TMOcaje MNPWIMKOM MNUJIOT MpeBo3a Oe3 wuHUufeHTa. CHobalimke jaunHe [03a OKO
TpaHCHOPTHOI Bo3uja u3paudyHare cy kopuithewseM MCNP kopa. KonexkTuBHe fgo3e, MakcuMaslHa
n3jarama TojeflnHana y TomyJanuju 1 egeKTUBHE [03€ 3a pajHuKe Mocajja m3padyHaTe cy nmomohy
INTERTRAN nporpama. Pa3morpena cy aBa TpaHcHOpTHa npaBua: AcakaBa-mauu o OKyMmMa-mMayd #
WMBaku-mm o Oxyma-Mauu. MakcumaiaHa KOHIEHTpalyja pajltOaKTUBHOCTH Y AEKOHTAMUHAIMOHOM
oTnapy u3pauynara je Ha 660 kBgkg!, mTo 3agoBo/baBa BpefHocTH yTBpheHy cMepHuIIaMa MuHICTapCTBa
3a okosuHy Janana. KonekTusHe 103€e 3a MoNyianyjy no nomubiy 6uie cy 1.9-103 mSv-uosex 3a pyTy
AcakaBa m 2.2-10% mSv-yoBex 3a pyty MBaku. MakcumanaHe [o03€ M3I0XKEHOCTU IOjeMHIA, 3a
nonysauujy, 6uie cy 9.6 107 mSv 3a Acakasa pyty u 2.7 10~ mSv 3a iBaku pyTy. YKynHe epeKTUBHE 03€
3a pajiHAKe y TPAaHCIIOPTHUM nocafgama usHocuiie cy 0.27 mSv 3a nyT Acakase y3 IeT NOLUIbKY O PaTHUKY
u 1.07 mSv 3a pyty UBaku y3 45 nommsbku 1o pagauky. HuBou j1o3e 3pauema 3a IOMyJIalujy U pajHAKe
KOjH Cy OLEHEHH y OBOj CTYAMjU OWJIM Cy MHOTO HUXU Of] TOAMILIILUX FpaHMLA 03a 3a MONyJIauujy u
pajIHUAKe ca pagloaKTUBHUM MaTepujanoM. OBU pe3ylITaTu UCTPAsKUBaKha MOTY C€ KOPUCTHUTH 32 U3pafy
TPAHCIIOPTHHUX MJIAHOBA U CMEPHHUIIA 32 TPAHCHOPT ACKOHTAMUHAIIMOHOT OTIAafa.

Kmwyune peuu: @ykyuwuma akyuoenitl, 0eKOHUAMUHAUUOHU OIUIAO, UOCHIpOjetbe 3a UPeaasHO
oo0aazarbe, WPAHCUOPI, OUEHA CUZYPHOCTIU




