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After the accident at the Fukushima nuclear power plant in Japan, a large amount of radioac-
tive contaminated soil was generated, which brought great challenges for treating and dispos-
ing of the soil. The recycling of slightly polluted soil can reduce the amount of contaminated
soil. This paper analyzes the main exposed scenes of 137Cs polluted soil used in the construc-
tion of highway subgrade, soil bag handling and paving. The Monte Carlo algorithm
(MCNP) and RESRAD-ONSITE program are used to simulate the two scenes respectively,
and the concentration of 137Cs is derived in the soil at the effective dose of 1 mSv per year. Itis
concluded that: the annual effective doses of porter and paver are 0.41 mSv per year and 0.23
mSyv per year respectively caused by 1 Bqg-! 137Cs contaminated soil; the activity of 137Cs are
2.44 Bqg! and 4.26 Bqg! respectively in the soil at 1 mSv per year for porter and paver; the
calculated results are consistent with those reported by the Japan Atomic Research Agency.
Also, they are lower than the activity concentration corresponding to the effective dose con-
trol level of 1 mSv per year under low-probability events in IAEA No. RS-G-1.7 slightly.
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INTRODUCTION

The resources available to humans are limited,
and the radioactive contaminated soil generated after
nuclear power plant accidents is a resource worth reus-
ing. On the one hand, recycling can reduce the amount
of contaminated soil. On the other hand, it makes full
use of the available resources and realizes the circular
economy. But, radioactive substances lead to external
and internal radiation entering through various
sources and paths in soil [1, 2]. After the Fukushima
nuclear power plant accident in Japan [3-6], the Japa-
nese government conducted a recycling test verifica-
tion work for contaminated soil in the long mud area of
Izomura and Minamisoma. The results indicated that
the activity concentration of '3’Cs was less than 5
Bqg ! in the soil in the long mud area of Izomura, and
the average activity concentration of '3’Cs was 0.77
Bqg! in the soil in Minamisoma. By the end of 2021,
the radiation environment around the test area has not
changed. It is also specified that the annual effective
dose control for workers in the contaminated soil re-
covery process is less than 1 mSv. There have been no
nuclear power plant accidents in China, but nuclear ac-
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cidents and nuclear pollution are inevitable. We
should take precautions to do a good job in the treat-
ment of radioactive contaminated soil in the late stage
of the nuclear accident, and reduce the amount of ra-
dioactive contaminated soil that needs to be treated
and disposed of. It not only protects the environment,
butalso produces good social and economic benefits.

The radiation dose assessment method for the re-
cycling of materials and equipment was given in
PNL-8724 UC-610 [7]. The considered recycling ex-
posure scenarios include loading/unloading workers,
transport workers, processing workers, primary pro-
cessing workers, final processing workers, users and
soon. Liet al. [8] calculated the radiation doses of dif-
ferent populations caused by the recycling of radioac-
tive contaminated metals. It can be seen that the time
and distance are the main factors.

This paper analyzes the radiation effects of reus-
ing 1¥7Cs polluted soil. The exposure scenarios in-
clude lightly contaminated soil loading/unloading,
transportation, subgrade construction workers, the
public driving on the highway, and residents living on
both sides of the highway. Residents on both sides of
the expressway have the longest exposure time, but the
distance is relatively long. Secondly, for the porters
and roadbed construction workers. Porters and road-
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bed builders are closest to the radioactive soil, fol-
lowed by transport workers.

The scope of highway construction control area
is not less than 30 m from the outer edge of highway
land in China [9]. The highway subgrade under the im-
pervious cushion layer, with the mud base and surface
layer, can effectively prevent the infiltration of '3’Cs
and radiation external irradiation. Shiwei et al. [10]
and Yong et al. [11] pointed out that the migration rate
of 137Cs was very slow in groundwater and soil. Its ac-
tivity concentration decreased by 10~100 times when
migrating 30 m away. Therefore, the use of slightly
contaminated soil with radioactive *’Cs has little radi-
ation influence on the nearby public for highway
subgrade construction. So, this paper analyzes the ra-
diation effects of 1*’Cs polluted soil recycling, includ-
ing porters and roadbed builders.

SOIL BAG HANDING
Model assumptions

The size of the radioactive contaminated soil
package refers to the bag-shaped container given in Ja-
pan's Flexible intermediate bulk containers (JIS
7Z1651-2002) [12], and one (cross-type) of the dimen-
sions is 800 mm & and the height is 800 mm, the other
(convenient type) with a side length of 800 mm is used
for the simulation study. Figure 1 shows the radioac-
tive contaminated soil storage container bags after the
Fukushima nuclear power plant accidents in Japan.

The main pollution nuclide in radioactive con-
taminated soil is 13’Cs, and it is evenly distributed. The
activity concentration is 1 Bqg!. The activity level of
137Cs is 6.03-10° Bq for cylinder and 7.68-105 Bq for
cube, respectively.

Regardless of the material of the container, and
the materials involve soil and air in the model. The
density of the soil is 1.5 gem™, and the elements in-
clude H, O, Mg, Al, Si, K, Ca and Fe in the soil. The

Cross-type

Convenient type

Figure 1. Japan Fukushima nuclear power plant
accident removal soil storage container bag

density of air is 1.29-1073 gem™3, and the elements in-
clude C, N, O, and Ar in the air [13-15].

The working time is 250 days, and 8 hours per
day for porter and paver.

Model establishment

The center of the cylinder and the cube is the ori-
gin of the coordinate system (0, 0, 0), the Z-axis is the
direction of the container height, and the X-axis and
Y-axis are the horizontal and vertical directions of the
container, respectively. Figure 2 shows two estab-
lished container models. The dose rates are simulated
at the 2 mm, 10 mm, and 100 mm of the cylinder.

Simulation results

Figure 3 shows the simulation results of the dose
rate at the distance of 2 mm, 10 mm, and 100 mm from
the surface of the soil storage containers, when the ac-
tivity concentration of the radionuclide '*’Cs is 1 Bqg™!
in the soil. From the figure, the trend line of the cube x
direction is D =-2.56 d + 280. The trend line of the cyl-
inder z direction is D =—2.56 d + 275. The trend line of
the cylinder x direction is D=-2.04 d+221. In the trend
line, D [nGyh™'] represents the dose rate at different dis-
tances, d [mm] represents the different distance. Using
the dose rate at 2 mm from the surface of the packaging
container, the external dose of porter is calculated. The
annual effective doses of the porter are 4.07-10% Sv
(cylinder) and 4.10-10* Sv (cube), respectively. When
the annual dose constraint value of the porter is | mSv
per year, the activity concentration in the radioactive
contaminated soil is 2.44 Bqg™".

SUBGRADE PAVING
Basic hypothesis

The main influencing factors of radiation dose
are the concentration of radionuclide activity in con-

taminated soil, the area of subgrade, the thickness of
subgrade and working time in paving workers. There-

Figure 2. Model diagram of two radioactive
contaminated soil storage containers
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Figure 3. Dose rate at different
distances from the surface of
the packaging container

fore, the basic assumptions are made in this calcula-

tion as follows:

—  The main contaminated nuclide is '*’Cs in radio-
active contaminated soils, with the activity con-
centration of 1 Bqg ™' and uniform distribution.

— Conservatively, the attenuation mode of
radionuclides in soil is only the decay of
radionuclides themselves, excluding the infiltration
of radionuclides caused by rainfall and irrigation.

— According to the Highway Engineering Technology
Standard (JTG B01-2014) [16], the width of the road
above 80 kmh™' is 3.75 m per line. The paper as-
sumes that the highway is 4 lines (3 lines + 1 emer-
gency line). The width of the road is 4 lines-3.75 m
per line is 15 m, and the soil density is 1.5 gm .

— Paving workers working time is 8 hours per day,
250 days, and the respiratory rate of paving work-
ersis 1.2m > h ",

— According to Technical Guidelines for Risk Assess-
ment of Polluted Sites (HJ 25.3-2019) [17], it is as-
sumed that the daily intake of soil by pavers is 100 mg.

— The pavers are directly above the contaminated
soil, without a covering layer and in the center of
the filling area.

— Under the same conditions, the relationship be-
tween filling depth and annual effective dose of
paving workers is analyzed. The results are shown
in fig. 4. From the figure, it can be seen that the an-
nual effective personal dose of paving workers in-
creases gradually with the increase of roadbed
depth when roadbed depth is less than 0.5 m. With
the increase of subgrade depth, the dose of paving
workers remain unchanged when roadbed depth is
greater than 0.5 m. Therefore, the embankment fill-
ing depth is more than 0.5 m, assumed to be 1 m.

Model establishment

The RESRAD-ONSITE [18] model can calcu-
late the dose and cancer risk according to the parame-
ters and established scenarios. The model includes
nine alternative irradiation pathways:
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Figure 4. Relationship between the personal dose
amount of paving workers and the depth of the roadbed
caused by contaminated soil

— direct external irradiation of soil radionuclides,

— internal irradiation of contaminated soil by inhala-
tion of air,

— internal irradiation of contaminated soil through
intake,

— ingestion of plants grown in areas of contaminated
soil,

— ingestion of animals feeding in contaminated soil
area,

— drinking of milk coming from contaminated soil
area,

— drinking of water coming from contaminated soil
area,

— ingestion of aquatic organisms in the polluted wa-
ter body, and

— inhaling radon gas released from the polluted soil.

The database for radionuclide transformation is

recommended by ICRP 38 reportand ICRP 107 report.

The dose conversion factors are derived from ICRP

Report 60 in the model.

The RESRAD-ONSITE 7.2 is used for calcula-

tion and analysis. The irradiation pathways include di-

rect external irradiation of soil radionuclides, internal

irradiation from inhaling contaminated soil and inter-

nal irradiation from contaminated soil. The database

of radionuclide transformation is recommended by

ICRP 107 report.
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Figure 5. Worker dose due to paving operation

Calculation results

Figure 5 shows the changing trend of paver's
dose on polluted roadbed over time. It can be seen that
the maximum annual effective dose caused by paver is
0.23 mSv (the first year). When the annual effective
dose caused by paver is 1 mSv per year, the activity
concentration of '¥’Cs is 4.26 Bqg™" in polluted soil.
Under the same condition, the method of deducing the
acceptable activity concentration of radioactive resi-
dues in decommissioned site soil recommended in
EJ1191-2005 [19] is used to deduce the activity of
137Cs in contaminated soil, when the personal effec-
tive dose of paver is 1 mSv per year, the concentration
of ¥7Cs is 3.92 Bqg!. The RESRAD-ONSITE is dif-
ferent from EJ1191. The reason is that the contami-
nated roadbed is a square contaminated area, and the
area correction factor should be taken into account
when calculating the direct external radiation dose.
The RESRAD-ONSITE and EJ1191 are inconsistent
in choosing the area correction factor:
RESRAD-NSITE encloses the square contaminated
area in a circular area and divides the circular area into
12 circular areas, multiplying the area coefficient of
each circular area by the contaminated ring [20]. In
EJ1191, the area correction factor is recommended ac-
cording to the size of the polluted area. When the area
of the polluted site is 225 m?, the area correction factor
isbetween 0.55 and 0.8. The conservative value is 0.8.

The calculated results in this paper are compared
with the controlled concentration levels of
radionuclide '*’Cs in soil, given in the technical re-
ports of the Japan Atomic Research Agency and the
International Atomic Energy Agency (IAEA). It re-
vealed that when slightly radioactive contaminated
soil was used for road construction after the
Fukushima nuclear power plant accident, the largest
individual dose of the workers and the public was the
exposure dose of the soil handling and paving workers
in the Japan Atomic Research Agency. Moreover,
when the exposed dose of road paving workers was
1 mSv per year, the activity concentration of
radionuclides 1¥’Cs + 134Cs (mainly '37Cs) is 6.1 Bqg ™
in soil [21]. It required materials such as soil to be con-
trolled or exempted, the dose caused by such materials
to the public was less than or equal to 0.01 mSv per
year in IAEA No. RS-G-1.7 [22]. Considering the oc-

From the above analysis, it can be seen that the re-
sults calculated in this paper are lower than those calcu-
lated by Japan Atomic Research Institute (when the expo-
sure dose of road paving workers and porters is 1 mSv per
year, the activity concentration of radionuclide Cs is 6.1
Bqg ! in soil). In addition, it is lower than the activity con-
centration level of radionuclide '*’Cs in soil correspond-
ing to the effective dose control level of 1 mSv per year un-
der low-probability events in IAEA No. RS-G-1.7.

The reason for this phenomenon is the difference
of parameter selected in the evaluation process. The
main differences among the three results are external
exposure dose conversion factor of '37Cs and working
time. The longer the working time, the greater the dose
conversion factor, and the lower the activity control
level of the radionuclide '3Cs in the soil [ 18, 21-23].

CONCLUSIONS

The main pollution nuclide in the radioactive
contaminated soil generated after the nuclear power
plant accident is 13’Cs, which is mainly external irradi-
ation. The main irradiated scene of workers and resi-
dents in the whole process of highway construction is
analyzed for the '3’Cs contaminated soil. The irradi-
ated scene of soil bag handling and roadbed paving are
selected. The MCNP and RESRAD-ONSITE are used
to calculate the exposure dose of the soil bag handler
and paving workers.

The calculation results show that the recycling of
slightly radioactive contaminated soil is feasible for
the construction of highways after the nuclear power
plant accidents. In addition, it needs to be discussed
and analyzed from the following aspects:

On one hand, the dose control level under low
probability events should be considered, according to
the requirements of JAEA No. RS-G-1.7. On the other
hand, the parameters used have a certain influence on
the results in the assessment of the annual effective
dose of the public. In the process of radiation impact
assessment, the assessment parameters should be de-
termined reasonably according to relevant national
standards, so as to achieve safe recycling of slightly
contaminated radioactive soil after nuclear accidents.
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Xajnynr YEH, ®ejdej BY, Jyendenr IIN, Huar KAH, buar JbEH

INPOLIEHA YTHUIAJA 3PAYEIbA IIPU U3IPAIIBU ITOMIOIE AYTOIIYTA
YIIOTPEGBOM LHE3UJYMOM CIABO KOHTAMMHHUPAHOT 3EMJ/BMIITA
INOCJIE HECPERE Y HYKIIEAPHOJ EJIEKTPAHU

Ilocne nHecpehe Ha HykieapHO] enekTpaHu PykymmMa y JamaHy reHepucaHa je BelldKa
KOJINYMHA PAJUOAKTUBHO KOHTAMUHUPAHOT 3€MJBUINITA IITO NPEACTABIba BEJIUKE N3a30BE Y HAKHAJHOM
TpeTMaHy W OfjIaramy, NpH YeMy pEeIUKINpame 6Jaro KOHTAMHHHPAHOT 3eMIBHIITA MOXE CMAmBHTH
KOJIMYMHY KOja ce oOpabyje u ofgnaxe. Y pajy je aHaTU3UPaHa U3JI0XKEHOCT PaJlHUKA 3padyeky U3a3BaHa
PYKOBameM KecaMa 3a 3eMIBHINTE M acBalTUPambeM ycres ynorpede 3’Cs KOHTaMUHUPAHOT 3eMIbHIITA
KOje ce KOPUCTH Yy U3rpajbl MOAJIOre ayTomyTa. 3a cUMyJIalnyjy oBUX forabaja kopumrhenu cy MonTe
Kapno MCNP nporpam u RESRAD-ONSITE nporpam, npu KoruenTpammju 3’Cs y 3eM/bHINTY KOja
ofiroBapa rofuim0j epekTuBHOj 031 of 1| mSv. Pe3ynratu cy nokasamnu jia cy TOAUIIHe e(peKTHBHE 03¢
3a momohHOr pajHuKa u acantepa u3a3BaHe KOHTaMUHUpaHuM 3emibuinTeMm of 1 Bqg™ '¥7Cs Gune
0.36 mSv ognocro 0.23 mSv, pecneKTUBHO; fla cy mpu ToMe akTueHOCcTH O 'Y'Cs 6une 2.44 Bqg™' u
4.26 Bqg™'; na cy pesynTaTé u3pauyHaBama y CKIajy ca pe3ylTaTEMa NpopadyHa JamaHcke areHIuje 3a
aTOMCKa HUCTpaxkuBamwa. Takobe, pe3ynaTaTH cy HUXKHM Off HUBOA KOHIEHTpalyje aKTHBHOCTU KOjU
OpUONMKHO OiroBapa e(eKTUBHOM KOHTPOIHOM HUBOY TOfUILIE f03e off 1 mSv 3a Majo BepoBaTHE
norabaje npema IAEA 6p. RS-G-17.

Kayune peuw: peyuxauparse, 13’Cs, semma




