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Af ter the ac ci dent at the Fukushima nu clear power plant in Ja pan, a large amount of ra dio ac -
tive con tam i nated soil was gen er ated, which brought great chal lenges for treat ing and dis pos -
ing of the soil. The re cy cling of slightly pol luted soil can re duce the amount of con tam i nated
soil. This pa per an a lyzes the main ex posed scenes of 137Cs pol luted soil used in the con struc -
tion of high way subgrade, soil bag han dling and pav ing. The Monte Carlo al go rithm
(MCNP) and RESRAD-ONSITE pro gram are used to sim u late the two scenes re spec tively,
and the con cen tra tion of 137Cs is de rived in the soil at the ef fec tive dose of 1 mSv per year. It is
con cluded that: the an nual ef fec tive doses of por ter and paver are 0.41 mSv per year and 0.23
mSv per year re spec tively caused by 1 Bqg–1 137Cs con tam i nated soil; the ac tiv ity of 137Cs are
2.44 Bqg–1 and 4.26 Bqg–1 re spec tively in the soil at 1 mSv per year for por ter and paver; the
cal cu lated re sults are con sis tent with those re ported by the Ja pan Atomic Re search Agency.
Also, they are lower than the ac tiv ity con cen tra tion cor re spond ing to the ef fec tive dose con -
trol level of 1 mSv per year un der low-prob a bil ity events in IAEA No. RS-G-1.7 slightly.
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IN TRO DUC TION

The re sources avail able to hu mans are lim ited,
and the ra dio ac tive con tam i nated soil gen er ated af ter
nu clear power plant ac ci dents is a re source worth re us -
ing. On the one hand, re cy cling can re duce the amount
of con tam i nated soil. On the other hand, it makes full
use of the avail able re sources and re al izes the cir cu lar
econ omy. But, ra dio ac tive sub stances lead to ex ter nal
and in ter nal ra di a tion en ter ing through var i ous
sources and paths in soil [1, 2]. Af ter the Fukushima
nu clear power plant ac ci dent in Ja pan [3-6], the Jap a -
nese gov ern ment con ducted a re cy cling test ver i fi ca -
tion work for con tam i nated soil in the long mud area of 
Izomura and Minamisoma. The re sults in di cated that
the ac tiv ity con cen tra tion of 137Cs was less than 5
Bqg–1 in the soil in the long mud area of Izomura, and
the av er age ac tiv ity con cen tra tion of 137Cs was 0.77
Bqg–1 in the soil in Minamisoma. By the end of 2021,
the ra di a tion en vi ron ment around the test area has not
changed. It is also spec i fied that the an nual ef fec tive
dose con trol for work ers in the con tam i nated soil re -
cov ery pro cess is less than 1 mSv. There have been no
nu clear power plant ac ci dents in China, but nu clear ac -

ci dents and nu clear pol lu tion are in ev i ta ble. We
should take pre cau tions to do a good job in the treat -
ment of ra dio ac tive con tam i nated soil in the late stage
of the nu clear ac ci dent, and re duce the amount of ra -
dio ac tive con tam i nated soil that needs to be treated
and dis posed of. It not only pro tects the en vi ron ment,
but also pro duces good so cial and eco nomic ben e fits.

The ra di a tion dose as sess ment method for the re -
cy cling of ma te ri als and equip ment was given in
PNL-8724 UC-610 [7]. The con sid ered re cy cling ex -
po sure sce nar ios in clude load ing/un load ing work ers,
trans port work ers, pro cess ing work ers, pri mary pro -
cess ing work ers, fi nal pro cess ing work ers, us ers and
so on. Li et al. [8] cal cu lated the ra di a tion doses of dif -
fer ent pop u la tions caused by the re cy cling of ra dio ac -
tive con tam i nated met als. It can be seen that the time
and dis tance are the main fac tors.

This pa per an a lyzes the ra di a tion ef fects of re us -
ing 137Cs pol luted soil. The ex po sure sce nar ios in -
clude lightly con tam i nated soil load ing/un load ing,
trans por ta tion, subgrade con struc tion work ers, the
pub lic driv ing on the high way, and res i dents liv ing on
both sides of the high way. Res i dents on both sides of
the ex press way have the lon gest ex po sure time, but the 
dis tance is rel a tively long. Sec ondly, for the por ters
and road bed con struc tion work ers. Por ters and road -
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bed build ers are clos est to the ra dio ac tive soil, fol -
lowed by trans port work ers.

The scope of high way con struc tion con trol area
is not less than 30 m from the outer edge of high way
land in China [9]. The high way subgrade un der the im -
per vi ous cush ion layer, with the mud base and sur face
layer, can ef fec tively pre vent the in fil tra tion of 137Cs
and ra di a tion ex ter nal ir ra di a tion. Shiwei et al. [10]
and Yong et al. [11] pointed out that the mi gra tion rate
of 137Cs was very slow in ground wa ter and soil. Its ac -
tiv ity con cen tra tion de creased by 10~100 times when
mi grat ing 30 m away. There fore, the use of slightly
con tam i nated soil with ra dio ac tive 137Cs has lit tle ra di -
a tion in flu ence on the nearby pub lic for high way
subgrade con struc tion. So, this pa per an a lyzes the ra -
di a tion ef fects of 137Cs pol luted soil re cy cling, in clud -
ing por ters and road bed build ers.

SOIL BAG HAND ING

Model as sump tions

The size of the ra dio ac tive con tam i nated soil
pack age re fers to the bag-shaped con tainer given in Ja -
pan's Flex i ble in ter me di ate bulk con tain ers (JIS
Z1651-2002) [12], and one (cross-type) of the di men -
sions is 800 mm Æ and the height is 800 mm, the other
(con ve nient type) with a side length of 800 mm is used
for the sim u la tion study. Fig ure 1 shows the ra dio ac -
tive con tam i nated soil stor age con tainer bags af ter the
Fukushima nu clear power plant ac ci dents in Ja pan.

The main pol lu tion nu clide in ra dio ac tive con -
tam i nated soil is 137Cs, and it is evenly dis trib uted. The 
ac tiv ity con cen tra tion is 1 Bqg–1. The ac tiv ity level of
137Cs is 6.03×105 Bq for cyl in der and 7.68×105 Bq for
cube, re spec tively.

Re gard less of the ma te rial of the con tainer, and
the ma te ri als in volve soil and air in the model. The
den sity of the soil is 1.5 gcm–3, and the el e ments in -
clude H, O, Mg, Al, Si, K, Ca and Fe in the soil. The

den sity of air is 1.29×10–3 gcm–3, and the el e ments in -
clude C, N, O, and Ar in the air [13-15].

The work ing time is 250 days, and 8 hours per
day for por ter and paver.

Model es tab lish ment

The cen ter of the cyl in der and the cube is the or i -
gin of the co or di nate sys tem (0, 0, 0), the Z-axis is the
di rec tion of the con tainer height, and the X-axis and
Y-axis are the hor i zon tal and ver ti cal di rec tions of the
con tainer, re spec tively. Fig ure 2 shows two es tab -
lished con tainer mod els. The dose rates are sim u lated
at the 2 mm, 10 mm, and 100 mm of the cyl in der.

Sim u la tion re sults

Fig ure 3 shows the sim u la tion re sults of the dose
rate at the dis tance of 2 mm, 10 mm, and 100 mm from
the sur face of the soil stor age con tain ers, when the ac -
tiv ity con cen tra tion of the radionuclide 137Cs is 1 Bqg–1

in the soil. From the fig ure, the trend line of the cube x
di rec tion is D = –2.56 d + 280. The trend line of the cyl -
in der z di rec tion is D = –2.56 d + 275. The trend line of
the cyl in der x di rec tion is D = –2.04 d + 221. In the trend 
line, D [nGyh–1] rep re sents the dose rate at dif fer ent dis -
tances, d [mm] rep re sents the dif fer ent dis tance. Us ing
the dose rate at 2 mm from the sur face of the pack ag ing
con tainer, the ex ter nal dose of por ter is cal cu lated. The
an nual ef fec tive doses of the por ter are 4.07×10–4 Sv
(cyl in der) and 4.10×10–4 Sv (cube), re spec tively. When
the an nual dose con straint value of the por ter is 1 mSv
per year, the ac tiv ity con cen tra tion in the ra dio ac tive
con tam i nated soil is 2.44 Bqg–1.

SUBGRADE PAV ING

Ba sic hy poth e sis

The main in flu enc ing fac tors of ra di a tion dose
are the con cen tra tion of radionuclide ac tiv ity in con -
tam i nated soil, the area of subgrade, the thick ness of
subgrade and work ing time in pav ing work ers. There -
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Fig ure 1. Ja pan Fukushima nu clear power plant
ac ci dent re moval soil stor age con tainer bag

Fig ure 2. Model di a gram of two ra dio ac tive
con tam i nated soil stor age con tain ers



fore, the ba sic as sump tions are made in this cal cu la -
tion as fol lows:
– The main con tam i nated nu clide is 137Cs in ra dio -

ac tive con tam i nated soils, with the ac tiv ity con -
cen tra tion of 1 Bqg–1 and uni form dis tri bu tion.

– Con ser va tively, the at ten u a tion mode of
radionuclides in soil is only the de cay of
radionuclides them selves, ex clud ing the in fil tra tion
of radionuclides caused by rain fall and ir ri ga tion.

– Ac cord ing to the High way En gi neer ing Tech nol ogy
Stan dard (JTG B01-2014) [16], the width of the road 
above 80 kmh–1 is 3.75 m per line. The pa per as -
sumes that the high way 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 den sity is 1.5 gm–3.

– Pav ing work ers work ing time is 8 hours per day,
250 days, and the re spi ra tory rate of pav ing work -
ers is 1.2 m–3h–1.

– Ac cord ing to Tech ni cal Guide lines for Risk As sess -
ment of Pol luted Sites (HJ 25.3-2019) [17], it is as -
sumed that the daily in take of soil by pav ers is 100 mg.

– The pav ers are di rectly above the con tam i nated
soil, with out a cov er ing layer and in the cen ter of
the fill ing area.

– Un der the same con di tions, the re la tion ship be -
tween fill ing depth and an nual ef fec tive dose of
pav ing work ers is an a lyzed. The re sults are shown
in fig. 4. From the fig ure, it can be seen that the an -
nual ef fec tive per sonal dose of pav ing work ers in -
creases grad u ally with the in crease of road bed
depth when road bed depth is less than 0.5 m. With
the in crease of subgrade depth, the dose of pav ing
work ers re main un changed when road bed depth is
greater than 0.5 m. There fore, the em bank ment fill -
ing depth is more than 0.5 m, as sumed to be 1 m.

Model es tab lish ment

The RESRAD-ONSITE [18] model can cal cu -
late the dose and can cer risk ac cord ing to the pa ram e -
ters and es tab lished sce nar ios. The model in cludes
nine al ter na tive ir ra di a tion path ways:

– di rect ex ter nal ir ra di a tion of soil radionuclides,
– in ter nal ir ra di a tion of con tam i nated soil by in ha la -

tion of air,
– in ter nal ir ra di a tion of con tam i nated soil through

in take,
– in ges tion of plants grown in ar eas of con tam i nated 

soil,
– in ges tion of an i mals feed ing in con tam i nated soil

area,
– drink ing of milk com ing from con tam i nated soil

area,
– drink ing of wa ter com ing from con tam i nated soil

area,
– in ges tion of aquatic or gan isms in the pol luted wa -

ter body, and
– in hal ing ra don gas re leased from the pol luted soil.

The da ta base for radionuclide trans for ma tion is
rec om mended by ICRP 38 re port and ICRP 107 re port. 
The dose con ver sion fac tors are de rived from ICRP
Re port 60 in the model.

The RESRAD-ONSITE 7.2 is used for cal cu la -
tion and anal y sis. The ir ra di a tion path ways in clude di -
rect ex ter nal ir ra di a tion of soil radionuclides, in ter nal
ir ra di a tion from in hal ing con tam i nated soil and in ter -
nal ir ra di a tion from con tam i nated soil. The da ta base
of radionuclide trans for ma tion is rec om mended by
ICRP 107 re port.
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Fig ure 3. Dose rate at dif fer ent
dis tances from the sur face of
the pack ag ing con tainer

Fig ure 4. Re la tion ship be tween the per sonal dose
amount of pav ing work ers and the depth of the road bed
caused by con tam i nated soil



Cal cu la tion re sults

Fig ure 5 shows the chang ing trend of paver's
dose on pol luted road bed over time. It can be seen that
the max i mum an nual ef fec tive dose caused by paver is
0.23 mSv (the first year). When the an nual ef fec tive
dose caused by paver is 1 mSv per year, the ac tiv ity
con cen tra tion of 137Cs is 4.26 Bqg–1 in pol luted soil.
Un der the same con di tion, the method of de duc ing the
ac cept able ac tiv ity con cen tra tion of ra dio ac tive res i -
dues in de com mis sioned site soil rec om mended in
EJ1191-2005 [19] is used to de duce the ac tiv ity of
137Cs in con tam i nated soil, when the per sonal ef fec -
tive dose of paver is 1 mSv per year, the con cen tra tion
of 137Cs is 3.92 Bqg–1. The RESRAD-ONSITE is dif -
fer ent from EJ1191. The rea son is that the con tam i -
nated road bed is a square con tam i nated area, and the
area cor rec tion fac tor should be taken into ac count
when cal cu lat ing the di rect ex ter nal ra di a tion dose.
The RESRAD-ONSITE and EJ1191 are in con sis tent
in choos ing the area cor rec tion fac tor:
RESRAD-NSITE en closes the square con tam i nated
area in a cir cu lar area and di vides the cir cu lar area into
12 cir cu lar ar eas, mul ti ply ing the area co ef fi cient of
each cir cu lar area by the con tam i nated ring [20]. In
EJ1191, the area cor rec tion fac tor is rec om mended ac -
cord ing to the size of the pol luted area. When the area
of the pol luted site is 225 m2, the area cor rec tion fac tor
is be tween 0.55 and 0.8. The con ser va tive value is 0.8.

The cal cu lated re sults in this pa per are com pared 
with the con trolled con cen tra tion lev els of
radionuclide 137Cs in soil, given in the tech ni cal re -
ports of the Ja pan Atomic Re search Agency and the
In ter na tional Atomic En ergy Agency (IAEA). It re -
vealed that when slightly ra dio ac tive con tam i nated
soil was used for road con struc tion af ter the
Fukushima nu clear power plant ac ci dent, the larg est
in di vid ual dose of the work ers and the pub lic was the
ex po sure dose of the soil han dling and pav ing work ers
in the Ja pan Atomic Re search Agency. More over,
when  the  ex posed  dose  of  road  pav ing work ers was
1 mSv per year, the ac tiv ity con cen tra tion of
radionuclides 137Cs + 134Cs (mainly 137Cs) is 6.1 Bqg–1

in soil [21]. It re quired ma te ri als such as soil to be con -
trolled or ex empted, the dose caused by such ma te ri als
to the pub lic was less than or equal to 0.01 mSv per
year in IAEA No. RS-G-1.7 [22]. Con sid er ing the oc -

cur rence of low prob a bil ity events that may lead to
higher ir ra di a tion, the ef fec tive dose that may be gen -
er ated un der such events should not ex ceed 1 mSv per
year. Mean while, the equiv a lent dose of hu man skin is
con trolled. The rec om mended ac tiv ity con cen tra tion
of nu clide 137Cs was 0.1 Bqg–1 for radionuclides of ar -
ti fi cial or i gin in bulk.

From the above anal y sis, it can be seen that the re -
sults cal cu lated in this pa per are lower than those cal cu -
lated by Ja pan Atomic Re search In sti tute (when the ex po -
sure dose of road pav ing work ers and por ters is 1 mSv per
year, the ac tiv ity con cen tra tion of radionuclide Cs is 6.1
Bqg–1 in soil). In ad di tion, it is lower than the ac tiv ity con -
cen tra tion level of radionuclide 137Cs in soil cor re spond -
ing to the ef fec tive dose con trol level of 1 mSv per year un -
der low-prob a bil ity events in IAEA No. RS-G-1.7. 

The rea son for this phe nom e non is the dif fer ence 
of pa ram e ter se lected in the eval u a tion pro cess. The
main dif fer ences among the three re sults are ex ter nal
ex po sure dose con ver sion fac tor of 137Cs and work ing
time. The lon ger the work ing time, the greater the dose
con ver sion fac tor, and the lower the ac tiv ity con trol
level of the radionuclide 137Cs in the soil [18, 21-23].

CON CLU SIONS

The main pol lu tion nu clide in the ra dio ac tive
con tam i nated soil gen er ated af ter the nu clear power
plant ac ci dent is 137Cs, which is mainly ex ter nal ir ra di -
a tion. The main ir ra di ated scene of work ers and res i -
dents in the whole pro cess of high way con struc tion is
an a lyzed for the 137Cs con tam i nated soil. The ir ra di -
ated scene of soil bag han dling and road bed pav ing are
se lected. The MCNP and RESRAD-ONSITE are used
to cal cu late the ex po sure dose of the soil bag han dler
and pav ing work ers.

The cal cu la tion re sults show that the re cy cling of 
slightly ra dio ac tive con tam i nated soil is fea si ble for
the con struc tion of high ways af ter the nu clear power
plant ac ci dents. In ad di tion, it needs to be dis cussed
and an a lyzed from the fol low ing as pects:

On one hand, the dose con trol level un der low
prob a bil ity events should be con sid ered, ac cord ing to
the re quire ments of IAEA No. RS-G-1.7. On the other
hand, the pa ram e ters used have a cer tain in flu ence on
the re sults in the as sess ment of the an nual ef fec tive
dose of the pub lic. In the pro cess of ra di a tion im pact
as sess ment, the as sess ment pa ram e ters should be de -
ter mined rea son ably ac cord ing to rel e vant na tional
stan dards, so as to achieve safe re cy cling of slightly
con tam i nated ra dio ac tive soil af ter nu clear ac ci dents.
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Fig ure 5. Worker dose due to pav ing op er a tion
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Hajlung ^EN, Fejfej VU, Juenfeng [I, \ing KAN, Bing QEN

PROCENA  UTICAJA  ZRA^EWA  PRI  IZGRADWI  PODLOGE  AUTOPUTA 
UPOTREBOM  CEZIJUMOM  SLABO  KONTAMINIRANOG  ZEMQI[TA

POSLE  NESRE]E  U  NUKLEARNOJ  ELEKTRANI

Posle nesre}e na nuklearnoj elektrani Fuku{ima u Japanu generisana je velika
koli~ina radioaktivno kontaminiranog zemqi{ta {to predstavqa velike izazove u naknadnom
tretmanu i odlagawu, pri ~emu reciklirawe blago kontaminiranog zemqi{ta mo`e smawiti
koli~inu koja se obra|uje i odla`e. U radu je analizirana izlo`enost radnika zra~ewu izazvana
rukovawem kesama za zemqi{te i asvaltirawem usled upotrebe 137Cs kontaminiranog zemqi{ta
koje se koristi u izgradwi podloge autoputa. Za simulaciju ovih doga|aja kori{}eni su Monte
Karlo MCNP pro gram i RESRAD-ONSITE pro gram, pri koncentraciji 137Cs u zemqi{tu koja
odgovara godi{woj efektivnoj dozi od 1 mSv. Rezultati su pokazali da su godi{we efektivne doze
za pomo}nog  radnika  i  asfaltera  izazvane  kontaminiranim  zemqi{tem  od  1  Bqg–1  137Cs  bile
0.36  mSv  odnosno  0.23  mSv,  respektivno;   da  su  pri  tome  aktivnosti   od  137Cs   bile  2.44  Bqg–1  i
4.26 Bqg‡1; da su rezultati izra~unavawa u skladu sa rezultatima prora~una Japanske agencije za
atomska istra`ivawa. Tako|e, rezultati su ni`i od nivoa koncentracije aktivnosti koji
pribli`no odgovara efektivnom kontrolnom nivou godi{we doze od 1 mSv za malo verovatne
doga|aje prema IAEA br. RS-G-17.

Kqu~ne re~i: reciklirawe, 137Cs, zemqa


