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Abstract: Natural and artificial ionizing radiation can be harmful to human health when they come 
into contact with people and the environment. Transport of naturally occurring radioactive materi-
als (NORMs) and consumer products containing NORM in the public domain is inevitable owing 
to their potential applications. This study evaluates the dose and risk to the public from transport 
accidents of NORM and consumer products. Radiological and physical data were obtained from 
previous literature. The median and maximum values of radioactivity concentration were applied 
to consumer products and NORM data, which serve as an input. An external dose rate at 1 m from 
a transported shipment was calculated using MicroShield® Pro version 12.11 code, which serves as 
input to RADTRAN 6 code. Based on developed transport accident scenarios, a RADTRAN 6 code 
was used to estimate collective dose and risk. The sensitivity analysis was conducted by considering 
the variation of release, aerosol, and respirable fractions of radionuclides at 0.1%, 1%, 10%, and 100% 
from the transported shipment during an accident, respectively. The results of dose and risk to the 
general public because of the damage of the shipment container following a fire accident are below 
the annual regulatory limits of 1 man-Sv recommended by IAEA transport regulation of 2018. The 
sensitivity results of all NORMs and associated consumer products are also below the regulatory 
limits. Therefore, radiological safety can be ensured in the event of a transport accident involving 
the transit of NORM and consumer products containing NORM. 

Keywords: naturally occurring radioactive material; consumer product; radiation dose; Microshield; 
RADTRAN 
 

1. Introduction 
Radiation can exist as waves or particles and is classified into ionizing and non-ion-

izing radiation. Ionizing radiation has sufficient energy to produce ions and exert biolog-
ical effects when it interacts with matter and biological tissue. The sources of radiation are 
categorized into natural and artificial. Artificial sources include radiation emitted by nu-
clear power plants and used in medical sciences and other industries, whereas natural 
sources include radiation emitted by natural substances in terrestrial soil and rocks, build-
ing materials, the human body, cosmic rays, and solar radiation [1,2]. Naturally occurring 
radioactive materials (NORMs) are natural substances such as rocks and minerals that 
may contain long-lived radioactive elements, specifically uranium (238U), thorium (232Th), 
potassium (40K), and their decay series. The activity concentration of NORMs, also known 
as source materials, significantly varies and is mostly relegated to the natural background 
level. Therefore, their radiological effect is regarded as insignificant. The activity concen-
tration of radioactive material refers to activity per unit mass or volume of the material in 
which the radionuclides are essentially uniformly distributed [3]. Therefore, a wide range 
of activity concentration of NORM in different geological materials has been reported 
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worldwide, as presented in Table 1 [4,5]. The average yearly radiation dose from naturally 
occurring radiation sources (NORM), including radon, is 2.4 mSv worldwide. In any big 
population, around 65% should receive annual doses of 1 to 3 mSv. Yearly doses of less 
than 1 mSv are expected in about 25% of the population, whereas annual doses of more 
than 3 mSv are expected in around 10% of the population [6,7]. The greatest known level 
of background radiation impacting a large population occurs in India’s Kerala and 
Madras states, where over 140,000 people receive gamma radiation doses of over 15 
mSv/yr, in addition to radon doses of a comparable magnitude. Brazil and Sudan have 
also similar levels, with many people exposed to up to 40 mSv/yr on average. Moreover, 
the greatest level of natural background radiation ever recorded was 800 mSv/yr on a 
Brazilian beach, but no one lives there. About 200,000 people are also exposed to more 
than 10 mSv/yr in Ramsar County in Iran [8]. 

Table 1. Activity concentration of NORM in some geological materials worldwide [4,5]. 

Country Geological  
Material 

238U (Bq/kg) 232Th (Bq/kg) 40K (Bq/kg) 266Ra (Bq/kg) 

USA Phosphate rock 259–3700 3.7–22.2  1540 
Coal 6.3–7.3 3.7–21.1  8.9–59.2 

Brazil Phosphate rock 114–880 204–753  330–700 
Coal 72 62  72 

Egypt 
Phosphate rock 1520 26  1370 

Coal 59 8  26 

Australia Phosphate rock 15–900 5–47  28–900 
Coal 8.5–47 11–69 23–140 19–24 

Morocco Phosphate rock 1500–1700 10–200  1500–1700 
Austria Phosphate rock 15–900 5–47  28–90 
Chile Phosphate rock 40 30  40 

Tanzania Phosphate rock 5000   5000 
Algeria Phosphate rock 1295 56  1150 

United King-
dom (UK) 

Coal 7–19 7–19 55–314 7.8–21.8 

Germany Coal  10–63 10–700 10–145 
Italy Coal 23 ± 3 18 ± 4 218 ± 15  

Jamaica Bauxite ore 10–9000 35–1000 10–600  

However, human activities such as industrial mining and processing could increase 
their activity concentrations and impose significant radiation exposures to workers that 
require regulatory control [9]. Phosphate, zircon and zirconia, oil and gas extraction, ex-
traction of rare-earth elements, tantalum, mining ore other than uranium ore, combustion 
of coal, mining, and metal production (e.g., iron and steel, aluminum, copper, lead/zinc, 
ferroniobium, incorporating NORM into building materials, industrial uses of thorium, 
and water treatment) are industrial sectors associated with NORMs [10]. Technological 
advancement, market expansion, and free movement of goods have significantly trig-
gered wide applications of source materials (NORM) concurrent with an increase in the 
number and types of consumer products containing NORM. NORM is used as a raw ma-
terial or feedstock to produce various products and items. In addition, it is generated as 
waste material. NORM has also been used in some products for various applications, such 
as a thoriated gas mantle that emits bright light when heated and the addition of uranium 
compound to improve the appearance of dentures [11]. Therefore, consumer products are 
products or items that are actively added with natural or artificial radioactive materials 
and made available to the public for various consumptions without any regulatory con-
trol. Consumer products containing NORMs or source materials include bracelets, neck-
laces, mattresses, and latex pillows to mention a few [12,13]. Most consumer products are 
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also exempt from regulatory control worldwide owing to their low-level radioactivity 
concentration, which results in an exposure dose below the dose limit of 1 mSv of public 
exposure in a year as recommended by International Atomic Energy Agency (IAEA). Ad-
ditionally, the level of radioactive material in each consumer product differs [12,13]. 

NORMs and consumer products incorporating NORMs have been identified as a 
source of radiation exposure to human health throughout their life cycles. People can also 
be exposed to radiation through inhalation of aerosolized particles, ingestion of dust par-
ticles, direct skin contamination, and external irradiation. For example, Etsuko Furuta in 
2013 reported the possibility of the risk of radiation exposure through inhalation of radi-
onuclides in the case of misuse of consumer products containing NORMs in Japan [14]. In 
Korea, an abnormally high concentration of radon gas obtained from the use of monazite 
mattresses was reported in 2018, and the radiation dose was above the public exposure 
limit of 1 mSv/year [15]. In 2020, another study was conducted in Taiwan to investigate or 
audit other commercial products containing monazites, such as mattresses, masks, quilts, 
and pillows; a higher exposure dose rate of radon gas above 1 mSv/year of public expo-
sure was also reported [16]. In 2019, Hassan and Chae reported activity concentrations of 
238U and 232Th from various industrial NORMs that were higher than the levels recom-
mended by the International Atomic Energy Agency (IAEA) and Korea Act, which are 
enough to pose a potential radiation hazard. They also stated that radiological NORM 
information in Korea is still limited [17]. In 2018, radiation exposure doses for workers 
between 0.003 and 0.364 mSv/yr from external exposure to potassium from the processing 
potassium industry were also reported in Korea, and it was recommended that this infor-
mation should be used to better protect personnel handling a NORM [18]. Furthermore, 
in 2019, high activity concentrations of NORM in hydrocarbon sludge were observed, and 
high exposure risks necessitated control to an acceptable level in Iran [19]. Therefore, var-
ious countries have introduced initiatives to establish guidelines for regulating and con-
trolling these materials and products to protect the people and the environment from the 
harmful effects of radiation while keeping exposure as low as reasonably achievable. The 
European Union (EU) regulation on radiation protection assesses the requirements im-
posed by the competent authorities prior to authorization and licensing arrangements, 
product testing criteria, classification, and product data requirements, final removal as 
well as exemptions and exclusions, and collect all available quantitative data for diverse 
categories of consumer products available in the EU. In case of exposure to natural sources 
of ionizing radiation, the exemption levels for Uranium and Thorium in secular equilib-
rium have also been determined and rounded to 0.5 Bq/g, whereas the associated dose 
criteria for individual and population is 0.3 mSv and 1 person-Sv, respectively [20,21]. The 
IAEA Safety Standard Series, SSG 36, titled Regulatory Status of Radioactive Consumer 
Products, provides advice and suggestions on how to satisfy the criteria for justification, 
optimization, and authorization of consumer product distribution to the general public. It 
also suggests how the exemption requirements in General Safety Requirements (GSR) Part 
3 can be extended to goods containing small quantities of radionuclides, radiation gener-
ators, and activation products containing radionuclides. Furthermore, it suggested a radi-
ological safety assessment to be conducted for the transportation of a large number of 
consumer products to ensure that the radiation exposure dose does not exceed the exemp-
tion level. In Case of NORM processing cycle, the IAEA international Basic Safety Stand-
ards (IAEA’s GSR Part 3, 2014) also established exempt activity concentrations of 1 Bq/g 
for 238U and 232Th, and 10 Bq/g for 40K in secular equilibrium. The associated dose criteria 
is 1 mSv and 1 person-Sv for individual and population, respectively. This exemption 
value is also applicable to IAEA regulation for the Safe Transport of Radioactive Material, 
2018 [7,22,23]. The United States National Radiation Commission (US NRC) states that the 
radiation exposure to workers must be maintained below the annual limits of 50 mSv, and 
radiation exposure of persons and the general public resulting from use and misuse, de-
livery, advertising, must be maintained below lower levels [24]. In the same regards, the 
IAEA Specific Safety Requirements No. SSR-6 (Rev.1), titled “Regulation for the Safe 
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Transport of Radioactive Material” 2018, also addressed the requirements, including ex-
emption criteria for the transport of NORM that should be followed to ensure the safety 
of the people and the environment [23]. Furthermore, studies covering different NORM 
industries on the full impact and technical basis for existing exemption values were rec-
ommended to relieve the unnecessary regulatory burden of transporting NORMs with 
significantly low activities [25]. 

NORMs and associated consumer products may be a source of radiation exposure 
during transportation, production, storage, normal use and misuse, accident and after dis-
posal. The gamma radiation from radionuclides of 238U, 235U, and 232Th and decay series, 
as well as 40K, are the most common external sources of irradiation of the human body. 
These radionuclides can also be found in the body and can irradiate numerous organs 
with alpha, beta, and gamma rays [6]. Several studies have also been conducted to evalu-
ate their radiological effects. Studies on the transport of NORMs from various industrial 
sectors such as oil and gas extraction, phosphate, and uranium ore have been conducted 
worldwide [25]. For example, in the United Kingdom (UK), several studies on the 
transport of NORMs from oil and gas industries, ores and mineral sands, coal and coal 
ash, iron, and steel production, were conducted, and the results showed that the annual 
doses to transport workers were less than 0.1 mSv, and members of the public were far 
below 0.001 mSv [26]. Another study on the transportation of tantalum (Ta) and niobium 
(Nb) containing traces of thorium and uranium was conducted through road, rail, and sea 
transport modes. The results from the slag containing NORMs showed doses of 0.24, 
0.032, 0.0041, 0.019, 00038, and 0.00017 mSv for truck drivers, dockworkers, seaman, train-
man, public adjacent to the road, and public adjacent to the rail, respectively. These doses 
are lower than the recommended 1 mSv per year [27]. However, in Korea, studies on ra-
dioactive material transport are more concerned with artificial low- and intermediate-
level radioactive materials from decommissioned research reactors and various routine 
operational facilities, and the risk and dose reported during normal (incident free) and 
transport accidents were below the recommended regulatory limits [28,29]. Therefore, 
there is a backlog of information on NORM transport and associated consumer products. 
This information gap must be fulfilled to provide the necessary information in radiologi-
cal consequences and risk databases that can be used to protect people and the environ-
ment. This study evaluates the radiological dose and risk to the public in case of accidents 
during transport through roads. The availability of the source materials and associated 
consumer products in most cases involves their transportation from one place or facility 
to another via one or more transport modes. During transport activities, an accident could 
occur, exposing the public to the dose and risk. Therefore, radiological risk assessment 
during transport accidents is crucial for the protection of human health and the environ-
ment. 

2. Materials and Methods 
This study uses radiological data on measured activity concentrations of source ma-

terials (NORM) and consumer products from the Nuclear Security Commission (NSSC) 
of South Korea. Minitab software tool was used to perform statistical analysis of the data 
of consumer products using normality test, and median values were selected for more 
statistical significance as presented in Table 2 [30]. The upper limit values were also se-
lected for the data of the source materials (NORM) for this study. However, the mass of 
238U, 232Th, and 40K in a consignment of consumer product and NORM was obtained by 
multiplying the specific radioactivity ratio of each radionuclide or isotope by the mass or 
capacity of the shipping container, which is 21 tons. Then, the specific radioactivity of each 
isotope was multiplied by its mass to obtain the radioactivity per shipping container for 
consumer product and NORM consignment. A similar approach was employed by [31] in 
the assessment of risk during radioactive material transport, where the radiation source 
term per cylinder was obtained by multiplying the radioactivity of each isotope in the 
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feed, tails, and product by the capacities of the cylinder. Therefore, the radioactivity con-
centration per shipping container was used as an input to the RADTRAN 6 and Micro-
Shield ® Pro version 12.11 computer codes for the dose and risk assessment and estimation 
of external dose rate. However, the external dose rate estimated by Microshield was used 
as input to the RADTRAN computer code as presented in Table 3. Physical data including 
distance or length of route segments/links, speed of vehicle, population density, fire acci-
dent probability, type of road, and traffic volume were also obtained from the previous 
literature and online sources [29–32]. Table 3 presents the radiological input data of 
NORM and consumer products, Tables 4 and 5 present the physical parameters, which 
serve as input data to the RADTRAN computer code for dose and risk assessment during 
transport accidents. Table 6 presents radiological and physical input data used in Micro-
Shield computer code for estimating the external dose rate at 1 m. 

Table 2. Normality test results for data of consumer products containing NORM using the Minitab 
statistical tool. 

Statistical Parameters 238U (Bq/g) 232Th (Bq/g) 40K (Bq/g) 
Mean 0.7582 4.422 0.23633 

Standard deviation 3.3759 18.843 0.42890 
Variance 11.3966 355.062 0.18395 
p-value <0.005 <0.005 <0.005 

Table 3. Radiological input data used in RADTRAN code for assessment of population/collective dose and risk. 

Source Materials 
(NORM) 

Cargo 
Mass 
(tons) 

238U (Bq) 232Th (Bq) 40K (Bq) Total (Bq) 
Dose Rate at 1 

m (Sv/hr) 
Gamma 
Fraction 

Neutron 
Fraction 

Monazite 21 3.41 × 107 3.41 × 109 3.04 × 105 3.44 × 109 1.36 × 10−13 1 0 
Zircon 21 1.90 × 108 6.13 × 106 1.44 × 105 1.96 × 108 6.42 × 10−14 1 0 

Phosphorus 21 2.32 × 107 2.02 × 103 8.16 × 104 2.33 × 107 3.64 × 10−14 1 0 
Bauxite 21 3.15 × 106 3.37 × 106 1.09 × 106 7.61 × 106 4.86 × 10−13 1 0 

Consumer  
Products 

Cargo 
Mass 
(tons) 

238U (Bq) 232Th (Bq) 40K (Bq) Total (Bq) Dose Rate at 1 
m (Sv/hr) 

Gamma 
Fraction 

Neutron 
Fraction 

Latex Pillow 21 2.25 × 105 3.23 × 107 1.76 × 103 3.26 × 107 7.85 × 10−16 1 0 
Mattress 21 1.41 × 105 1.87 × 107 2.81 × 103 1.89 × 107 1.25 × 10−15 1 0 
Clothing 21 1.73 × 105 2.18 × 106 1.29 × 106 3.65 × 106 5.75 × 10−13 1 0 
Necklace 21 9.66 × 106 7.22 × 107 8.50 × 105 8.27 × 107 3.79 × 10−13 1 0 
Bracelets 21 4.29 × 106 3.24 × 107 4.27 × 105 3.71 × 107 1.90 × 10−13 1 0 

Amnion Patch 21 1.28 × 106 6.21 × 106 7.21 × 103 7.50 × 106 3.22 × 10−15 1 0 
Cosmetics 21 5.35 × 104 3.73 × 105 1.84 × 105 6.11 × 105 8.21 × 10−14 1 0 
Nippers 21 5.99 × 105 3.73 × 105 2.65 × 104 9.98 × 105 1.18 × 10−14 1 0 
Slippers 21 8.69 × 105 4.22 × 107 2.10 × 105 4.33 × 107 9.37 × 10−14 1 0 

Health supple-
ments 21 2.33 × 104 5.75 × 106 1.17 × 105 5.89 × 106 5.22 × 10−14 1 0 

Table 4. Physical input data used in RADTRAN code for assessment of population/collective dose and risk [29,32,33]. 

Link Name Length 
(km) 

Speed 
(km/hr) 

Population Den-
sity 

(Persons/km2) 

Traffic Vol-
ume/hr 

Accident Rate of 
Fire (Occur-

rence/km-car) 

Default Fire 
Conditional 
Probability 

Road Type 

Link_1 16.6 110 22,654 9461 6.58 × 10−14 6.3 × 10−3 Highway 
Link_2 48.7 110 6906 8827 9.39 × 10−14 6.3 × 10−3 Highway 
Link_3 30.9 110 328 5270 2.39 × 10−13 6.3 × 10−3 Highway 
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Link_4 46.5 110 4345 8872 2.30 × 10−13 6.3 × 10−3 Highway 
Link_5 22.9 110 4345 7321 1.12 × 10−13 6.3 × 10−3 Highway 
Link_6 32.5 110 3024 11,877 4.32 × 10−14 6.3 × 10−3 Highway 
Link_7 35.7 110 100 4345 6.14 × 10−14 6.3 × 10−3 Highway 
Link_8 30.3 110 136 4472 5.28 × 10−14 6.3 × 10−3 Highway 
Link_9 32.4 110 686 15,983 1.10 × 10−13 6.3 × 10−3 Highway 

Link_10 37.3 110 4813 25,180 7.89 × 10−14 6.3 × 10−3 Highway 
Link_11 45 110 614 5799 1.00 × 10−13 6.3 × 10−3 Highway 

Link_12 37 80 204 1423 3.03 × 10−12 6.3 × 10−3 
Secondary 

road 

Table 5. Physical input data used in RADTRAN code for assessment of population/collective dose and risk. 

Critical 
Dimen-

sion 

Crew 
Size  

Crew Dis-
tance (m) 

Width 
Facing 

Crew (m) 

Crew 
Shield-
ing Fac-

tor 

Number of  
Shipments 

Number of 
Packages 

Adjacent 
Vehicle Oc-

cupants 

Population 
Type 

Death/Ac-
cident 

9 2 3 2.4 1 = none 1 1 (bulk) 2 urban 1 

Table 6. Radiological and physical input data used in MicroShield computer code for calculation of dose rate from the 
shipment. 

Source Dimensions (m) Materials Used (g/cm3) Source Radioactivity (238U, 232Th, and 40K) in Bq 
Length = 12 
Width = 2.4 
Height = 2.5 

Build up in x direction = 13, while 
y and z direction = 0 

Air Gap = 12.2 × 10−4  
Iron = 7.86 Same used in RADTRAN computer code 

2.1. Meteorological Condition 
Korea Metrological Agency website was used to extract hourly meteorological data 

including wind speed and direction, sunshine, cloud shine, and precipitation [34]. A wind 
rose plot online software (WRPLOT view freeware 8.0.2) was employed to analyze the 
data for a period of 10 years, from 2010 to 2020, as presented in Figures 1 and 2 below. The 
meteorological information helps to understand the dispersion of released radionuclides 
to the atmosphere during a transport accident. The most dominant wind direction with 
an average speed of 2.4 m/s is from the West (W) to East (E) direction and the West North 
West (WNW) to East South East (ESE) direction. 
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Figure 1. A wind rose diagram showing the pattern of wind speed and direction. 

 
Figure 2. Wind class frequency distribution. 

2.2. Transport Accident Scenario 
The radiological safety of transporting NORMs and consumer products containing 

NORMs through an expressway between Seoul and Gyeongju was assessed in this study. 
This expressway has twelve route segments or links, numbering link 1 to link 12. In an-
other study, the highway was used to transport low-and intermediate-level wastes from 
decommissioned research reactors and routine operation facilities as indicated in Figure 
3. NORMs and associated consumer products were assumed to be transported to the pro-
cessing industries and for various public consumptions. They were both transported in 
bulk by a vehicle carrying a shipping container made of carbon steel or iron materials, 
with the dimensions of 12 × 2.4 × 2.5 m and a maximum loading capacity of 21 tons. The 
shipping container carrying the source materials (NORM) or consumer products was 
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damaged due to the occurrence of fire after collision with another transporting vehicle 
traveling along the same route. The accident was also assumed to occur in every link of 
the transportation route. The radionuclide contents in the shipment were particulates of 
238U, 232Th, and 40K, which were released with a rate of 0.1% of the total transported source 
materials or NORM–consumer products. The aerosol fraction and respirable fraction of 
released radionuclides during accident were both set to 1.0 for conservatism. As a repre-
sentative of aerosolized particles, the ground deposition velocity of the released radionu-
clide was set to 0.01 m/s. These conservative values of release, aerosol, and respirable frac-
tion were also used by [29]. Furthermore, inhalation, ground shine, cloud shine, ingestion, 
and resuspension pathways were considered as sources of internal and external exposures 
to the public during an accident. The simulation was conducted using Pasquill stability 
class F for the purpose of this study. The collective dose and risk were estimated using the 
RADTRAN computer code. 

   
Figure 3. Route segments between Seoul to Gyeongju. 

2.3. RADTRAN 6 Code 
RADTRAN is an internationally renowned computer algorithm for assessing the risk 

and effects (consequences) of transporting radioactive materials in both incident-free (nor-
mal) and accident situations. It is a transportation risk analysis code in which the analysis 
is based on transportation scenarios (accident-free and accident situations), the likelihood 
(probability) of each transport scenario, and the effects or outcomes (dosage) of each sce-
nario. Risk is the product of probability and consequence in a quantitative sense, RAD-
TRAN uses a collection of algorithms that multiply the likelihood and effects of a given 
situation to calculate risk. The output of both RADTRAN’s incident free computations 
and accident risk calculation are expressed in units of dose and collective dose, but when 
the probability term is included in accident risk calculations, the collective dose is referred 
to as “dose risk”. RADTRAN can also be used in conjunction with dispersed inputs and a 
random sampling code to calculate uncertainty and perform probabilistic risk assess-
ments. Highway, rail, and waterways are among the modes of transportation considered 
in RADTRAN, whereas tractor-trailers and light-duty vehicles for highway, railcars, and 
barges and other ships for waterway transport are examples of vehicles linked with these 
modalities. 
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RADTRAN was developed at Sandia National Laboratory and has since been ex-
tended and advanced to improve its analytical capability. The following is the chronolog-
ical development of the RADTRAN computer code versions, where RADTRAN I, RAD-
TRAN II, RADTRAN III, RADTRAN IV, RADTRAN V, and RADTRAN VI were devel-
oped in 1977, 1983, 1986, 1992, 2000, and 2009, respectively. RADTRAN VI is the current 
version with physical and radiological data in its internal library are used together with 
analyst input data to assess risk and collective exposure dose. The assessment can be 
route-specific by assigning values such as vehicle speed, population density, accident rate, 
and traffic volume. To estimate the risk and exposure dose, the code uses various models, 
including models for the receptor population, exposure pathways, package behavior in 
accidents, accident probability, and severity. RADTRAN consists of files for default values 
for some parameters, including standard meteorological weather, which is the average US 
weather data, isopleth area, average breathing rate, and residential building factors. There 
is also a file for dose conversion factors, which are based on ICRP 72 and Federal Guidance 
reports (FRG) 11 and 12 [35–37]. The ICRP 72 compiles age-dependent committed effective 
dose coefficients for the members of the public from the intakes of radionuclides by inges-
tion and inhalation. However, dose estimation using RADTRAN does not consider age-
dependent, but rather population or collective dose (Person-Sv or man-Sv). The code also 
uses the Gaussian dispersion puff model for radionuclide atmospheric dispersion during 
an accident scenario. Particulate matter concentrations are assumed to change with time 
in this model [33]. Furthermore, RADTRAN has been used globally to assess the risk and 
dose for the transportation of artificial radioactive materials with levels ranging from low 
to intermediate to high, such as spent nuclear fuel, enriched nuclear fuel, and industrial 
radioisotopes, via land, sea, and air. For example, a collective dose of approximately 5.04 
× 10−8 person-mSv was reported during the transport of radioactive materials through the 
Suez Canal in Egypt using the RADTRAN IV computer code [38]. Chitra et al. (1999) also 
reported insignificant dose and exposure risk for accident analysis of spent fuel transport 
by rail in India using the RADTARN IV computer code [39]. 

2.3.1. Mathematical Equations Describing the Radiation Dose to Receptors from the 
Shipment during Normal (Incident-Free) Transport 

The mathematical equation for calculating single-point receptor’s dose at a distance 
r from the traversing vehicle carrying radioactive consignment or package is as follows: 𝑫(𝒙) = 𝑸𝟏 𝟐 × 𝒌𝟎 × 𝑫𝑹𝑽 න 𝒆ିµ𝒓𝑩(𝒓)𝒅𝒓𝒓√𝒓𝟐 − 𝒙𝟐ஶ

𝒙  (1)

where D(x) is the dose (Sv) at a distance x from the traversing vehicle, Q1 = 1000 m/km, is 
the conversion factor needed because V is in km/h and k0 is in m, k0 is the package shape 
factor (m2), DR is the dose rate at 1 m from the shipping vehicle Sv/h, V is the speed of the 
shipping vehicle, x is the perpendicular distance of receptor from the shipment path (m), 
μ is the attenuation coefficient (m−1), which depends on shielding factor and radiation en-
ergy, B(r) is the buildup factor expressed as a geometric progression, r is the distance be-
tween the receptor and shipment along the traveling route (m).  

Additionally, neutrons are rapidly attenuated in air and all gamma treatment pro-
vides a slightly conservative estimate of population dose for populations 10 m or more 
away from the vehicle [32]. Therefore, the maximum value of the product (e−μr B(r)dr) is 1 
for gamma radiation, which is nearly always the main source of radiation from a transport 
package. This value is mostly used in transportation analysis. Buildup factor (B(r)) is also 
the ratio of the total number of particles at a given point to the number of uncollided 
particles at that same site, and through a multiplicative change to the uncollided dose, 
buildup provides for the additional dose contributed by dispersed radiation. The mathe-
matical equation for calculating population or collective dose at a distance r from the trav-
ersing vehicle carrying radioactive cargo is as follows: 
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𝑫(𝒑) = 𝑸𝟐  𝟐 × 𝒌𝟎 × 𝑫𝑹 × 𝑷𝑫𝑳 × 𝑳𝑽 න න 𝒆ିµ𝒓𝑩(𝒓)𝒅𝒙𝒅𝒓𝒓√𝒓𝟐 − 𝒙𝟐𝒙
𝒅

ஶ
𝒅  (2)

where D(p) is the collective dose of exposed population along the route, L is the distance 
of the route segment on which the responsible population dwells (km), PDL is the popu-
lation density (persons/km2), Q2 = (Q1)2 in which Q1 is a conversion factor equals 1000 
m/km.  

In general terms, collective effective dose is the sum of all individual effective doses 
in a group of people over the time period, given X (man-Sv) is as follows: 𝑋 = ෍ 𝐹௜ 𝐷௜௜  (3)

where Fi is the average effective dose for subgroup i, Di if the number of individuals in the 
subgroup i. The basic mathematical equation used to calculate the radiation dose to the 
population receptors at a distance r from the shipment vehicle at the stop point is as fol-
lows: 𝑫𝒔𝒕𝒐𝒑 = 𝑸𝟐 × 𝑫𝑹 × 𝑷𝑫𝑳 × 𝒕 × 𝒌𝟎 × න 𝒆ିµ𝒓𝑩(𝒓)𝒅𝒙𝒅𝒓𝒓√𝒓𝟐 − 𝒙𝟐𝒓

𝒅  (4)

where Dstop is the collective dose of exposed population at a stop point, t is the exposure 
time (h), d is the minimum distance of the receptor from the source (m). 

2.3.2. Mathematical Equations Describing the Radiation Dose to Receptors from the 
Shipment during Accident Transport. 

The following is the mathematical equation for determining the dose during trans-
porta-tion accidents in which no radioactive material is released 

R (p) = 𝑨𝑹 × 𝑸𝟐 × 𝑫𝑹 × 𝑷𝑫𝑳 × 𝑳 × 𝒕 × ׬ 𝒆షµ𝒓𝑩(𝒓)𝒅𝒙𝒅𝒓𝒓ඥ𝒓𝟐ି𝒙𝟐𝒓𝒅  (5)

where R(p) is the collective dose of exposed population, AR is the accident rate of the 
vehicle (accidents/km), PDL is the population density (persons/km2) of the given route 
segment, L is the length (distance) of the route segment.  

The Gaussian dispersion puff model is used for accident transport associated with 
the release of radionuclides in the atmosphere compared to Gaussian plume model, which 
is appropriate with continuous release from elevated and ground level release, and the 
release is assumed to be constant with time, whereas in case of a transport accident, the 
plume is cloud release and should be modelled as puff release. The governing mathemat-
ical equation is as follows: 𝑪𝑯𝑰𝑸  =  𝟏𝟐𝝅𝝅𝒖𝒚𝝈𝒛 ቈ𝒆𝒙𝒑 ቊ− 𝟏 𝒚𝟐𝟐 𝝈𝒚𝟐ቋ቉ ቈ𝒆𝒙𝒑 ቊ−(𝒛 − 𝑯)𝟐𝟐𝝈𝒛𝟐 ቋ + 𝜶𝒆𝒙𝒑 ቊ−(𝒛 + 𝑯)𝟐𝟐𝝈𝒛𝟐 ቋ቉ (6)

where CHI is the concentration of dispersed substance (Bq/m3), Q is the rate of release of 
dispersed substance (Bq/s), u is wind speed (m/s), σy is the crosswind meteorological con-
stant (m), which represents y-axis Gaussian half-with, σz is the vertical meteorological 
constant (m), which represents z-axis Gaussian half-with, α is the reflection term of dis-
persed and deposited radionuclides from the release point. 

2.4. Microshield ® Pro Version 12.11 Code 
MicroShield is a computer software code that can be used to analyze shielding and 

estimate exposure from gamma-ray radiation, design radiological shields and containers, 
assessing radiation exposure to people and materials, selects temporary shielding for 
maintenance tasks, minimize exposure to people, infer source strength from radiation 
measurements for waste disposal, as well teaching principles of radiation and shielding. 
The computer code has become more important for engineers and health specialists as far 
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as radiation protection is concerned. In the estimation of gamma-ray shielding, the code 
uses the point-kernel approach, in which the source region is partitioned into patches of 
smaller volume where the doses are integrated in terms of space and energy in the analy-
sis [40]. The mathematical equation that governs the estimation of the total dose rate based 
on the point-kernel isotropic point source is as follows:  𝑫 =  න 𝒅𝑬 × 𝒆ି𝝁𝒓𝟒𝝅𝒓𝟐 × 𝑪(𝑬) × 𝑺(𝑬) × 𝑩( 𝝁𝒓, 𝑬) (7)

where D is the total external dose rate, E is the energy of the photons, S is the intensity of 
the source (specific activity), C is the density of gamma flux, r is the distance between the 
source and detector, μ is the attenuation coefficient, B is the buildup factor. 

3. Results 
3.1. Transport Accident Involving Source Materials 

Figure 4 presents the collective dose and individual dose due to fire accident that 
occurred in every route segment during the transport of monazite source material. The 
individual dose was obtained by dividing the collective dose by the total number of the 
exposed population in the link as presented in Figure 5. The highest collective dose oc-
curred during the transport of monazite in the route segment or link-4 of all other links. 
These results are due to higher accident probability rate in link-4 and higher total activity 
concentration of natural radionuclides of 238U, 232Th, and 40K contained in monazite than 
that of other source materials (zirconia, phosphorus, and bauxite), as presented in Tables 
3 and 4. However, link-3 and 12 have a higher rate of accident probability than link-4 but 
their population density and number of exposed persons or population are much lower 
than that of link-4, as a result of lower population or collective dose than link-4. Link-1 
also has a higher population density than link-4; however, the rate of accident probability 
is lower than that of link-4, resulting in lower collective dose than link-4. Moreover, the 
personal or individual dose in link-12 is the highest of all links due to the highest rate of 
accident probability and lower population density coupled with lower number of exposed 
persons. Therefore, the dose and risk during an accident scenario are determined by fac-
tors such as accident probability, accident severity, package response, the activity concen-
tration of released radionuclides, and the dispersion environment. The collective dose and 
individual dose were insignificant compared to 1 man-Sv/yr and 1 mSv/yr for the low-
probability scenario (accident) recommended in the IAEA transport regulation (2018). 
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Figure 4. Accident transport result of monazite (NORM). 
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exposed population as presented in Figure 5. These results are due to a higher rate of 
accident probability in link-4 and higher total activity concentration contributed by natu-
ral radionuclides of 238U, 232Th, and 40K contained in the necklace shipment than the rest of 
consumer products (latex pillow, mattress, clothing, bracelets, amnion patch, cosmetics, 
nippers, slippers, and health supplements), as presented in Tables 3 and 4. These factors, 
along with others, such as accident probability, accident severity, package response, and 
dispersion environment, affect the public’s exposure dose and risk during an accident sce-
nario. The individual dose in link-12 is also the highest of all other links due to the highest 
rate of accident probability and lower population density coupled with the lower number 
of exposed persons. However, the exposure dose was below the IAEA annual recom-
mended dose limits of 1 man-Sv and 1 mSv for population and individual dose, respec-
tively. 

 
Figure 6. Accident transport result of a necklace (consumer product). 

3.3. Sensitivity Analysis Result of Source Materials 
Figure 7 presents the results of the sensitivity analysis for the transport of monazite 

source material. To overcome the estimation performed based on conservative values, the 
sensitivity was conducted by changing the parameter value for release, aerosol, and res-
pirable fraction by 0.1%, 1%, 10%, and 100%. As indicated by the results, the highest col-
lective dose occurred on route segment or  link-4 of all other route segments during acci-
dent transport of monazite, with 3.58 × 10−2 man-Sv at 100% release, aerosol, and respirable 
fraction, respectively. The collective dose risk for monazite was still below and close to 
the annual regulatory limit of 1 man-Sv, whereas the collective dose for other source ma-
terials was also slightly far below the regulatory limits recommended by IAEA. This out-
come is contributed by a higher accident rate in route segment or link-4, together with the 
highest activity concentration in monazite than the rest of source materials (NORM). 
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Figure 8. Sensitivity analysis result of necklace (consumer product). 

4. Discussion 
This study evaluated the dose and risk to the general public for road transport acci-

dents involving NORM and consumer products containing NORM using the median and 
maximum value of activity concentration for NORM and consumer products, respec-
tively. The accident scenario was simulated under stability class F for all twelve links of 
transportation route between Seoul and Gyeongju for the purpose of this study. The max-
imum population or collective dose during accident transport of source materials 
(NORMs) occurred in route segment or link-4 and was observed during the accident 
transport involving monazite shipment. This is because of the higher accident probability 
rate of link-4 and higher total activity concentration of radionuclides in monazite consign-
ment than the rest of NORMs (source materials). The annual population or collective dose 
observed in link-4 was 3.58 × 10−5, 1.92 × 10−7, 1.56 × 10−8 and 3.74 × 10−8 man-Sv, for mona-
zite, zircon, phosphorus, and bauxite, respectively. The highest individual dose was also 
observed in link-12. This is because of the highest rate of accident probability and lower 
population density coupled with a lower number of exposed persons. The individual dose 
observed in link-12 was 3.32 × 10−5, 1.78 × 10−7, 1.45 × 10−8 and 3.47 × 10−8 mSv, for monazite, 
zircon, phosphorus, and bauxite, respectively. The collective doses were also significantly 
small and below the annual regulatory limit of 1 man-Sv. The individual dose was also 
far below the annual regulatory limit of 1 mSv recommended by IAEA. Furthermore, the 
maximum collective dose occurred in link-4 and was observed in necklace shipment for 
accident transport involving consumer products containing NORMs. This was also due 

Link - 1
Link - 4

Link - 7
Link - 10

0

100

200

300

400

500

600

700

800

763 763 763

Ro
ut

e 
se

gm
en

ts

C
ol

le
ct

iv
e 

do
se

 (m
an

-µ
Sv

)

Release, Aerosol, and Respirable fractions

Necklace

Link - 1 Link - 2 Link - 3 Link - 4 Link - 5 Link - 6

Link - 7 Link - 8 Link - 9 Link - 10 Link - 11 Link - 12



Appl. Sci. 2021, 11, 8719 16 of 19 
 

to the higher accident probability rate in link-4 and higher radionuclide activity concen-
tration in necklace shipment. The annual collective dose was 3.39 × 10−7, 1.96 × 10−7, 2.30 × 
10−8, 7.63 × 10−8, 3.43 × 10−7, 6.60 × 10−8, 3.95 ×10−9, 4.31 ×10−9, 4.43 × 10−7, and 6.03 × 10−8 man-
Sv, for latex pillow, mattress, clothing, necklaces, bracelets, amnion patch, cosmetics, nip-
pers, slippers, and health supplements, respectively. The individual dose was also highest 
in link-4 due to the highest rate of accident probability of all links and lower population 
density coupled with lower number of exposed persons. The individual dose in link-12 
was 3.15 × 10−7, 1.82 × 10−7, 2.13 × 10−8, 7.09 × 10−7, 3.19 × 10−7, 6.13 × 10−8, 3.66 × 10−9, 4.00 × 
10−9, 4.11 × 10−7, and 5.60 × 10ି଼ mSv, for latex pillow, mattress, clothing, necklaces, brace-
lets, amnion patch, cosmetics, nippers, slippers, and health supplements, respectively. The 
collective dose and individual dose were insignificantly small and far below the annual 
regulatory limit recommended by IAEA. The results of analysis of wind rose diagram 
show the pattern of wind speed and direction from 2010 to 2020 with an average wind 
speed of 2.4 m/s directing from W to E and from WNW to ESE. Therefore, the residents in 
these wind directions are at a higher risk of exposure to the released radionuclide aerosol 
during an accident involving transportation of NORM and consumer products. The sen-
sitivity analysis results indicated the maximum collective doses with 3.58 × 10ିଶ and 7.63 × 10ିସ man-Sv at 100% release, aerosol, and respirable fractions for transportation 
accidents involving monazite (source materials) and necklace (consumer product) ship-
ments, respectively. The highest collective doses occurred in link-4 and were still below 
the IAEA recommended annual regulatory limit of 1 man-Sv. The collective doses for rest 
of NORM or source materials and consumer products containing NORM at 0.1%, 1%, 10%, 
and 100% were also below the regulatory limit. However, collective dose is used to deter-
mine the greatest individual dose rate in the future as a result of a continuing practice that 
exposes a critical group or the entire population to radiation, and to limit current radiation 
sources of exposure, if it is considered that more sources of radiation exposure in the fu-
ture may increase the individual dose in a population. In this regard, collective dose was 
also considered to determine the future individual dose as a result of the frequent trans-
portation of NORM and associated consumer products in our public domain. Moreover, 
the results population exposure dose or collective dose are higher compared to another 
study conducted by [29] on fire transport accident involving decommissioning radioactive 
wastes using the same transportation route segments as presented in Table 7. This higher 
dose is due to slightly higher activity concentration of NORM from transported shipment 
compared to decommission wastes based on the assumption made by the both studies. 
This implies that the radiation dose and risk do not rely on the source of radiation, where 
it is natural or artificial ionizing radiation, but depends on the intensity of activity con-
centration. The population or collective doses and risks for decommissioning wastes were 
also further below the annual regulatory limit (1person-Sv) compared to monazite 
(NORM) and necklace (Consumer products). 
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Table 7. Comparison of population dose from fire transport accidents involving NORM and low 
level. 

Route  
Segments 

Monazite  
(NORM) 

Necklace (NORM-Con-
sumer Product) 

Decommissioning  
(Low level) Wastes  

Link - 1 1.90 x 10-5 4.06 x 10-7 1.25 x 10-14 
Link - 2 2.43 x 10-5 5.19 x 10-7 5.50 x 10-15 
Link - 3 1.86 x 10-6 3.98 x 10-8 4.22 x 10-16 
Link - 4 3.58 x 10-5 7.63 x 10-7 8.10 x 10-15 
Link - 5 8.58 x 10-6 1.83 x 10-7 1.94 x 10-15 
Link - 6 3.27 x 10-6 6.97 x 10-8 2.15 x 10-15 
Link - 7 1.69 x 10-7 3.60 x 10-9 3.82 x 10-17 
Link - 8 1.67 x 10-7 3.57 x 10-9 3.79 x 10-17 
Link - 9 1.88 x 10-6 4.02 x 10-8 4.26 x 10-16 
Link - 10 1.09 x 10-5 2.33 x 10-7 7.17 x 10-15 
Link - 11 2.13 x 10-6 4.54 x 10-8 4.81 x 10-16 
Link - 12 1.76 x 10-5 3.76 x 10-7 3.98 x10-15 

5. Conclusions 

Transport of NORMs and associated consumer products is inevitable in our public 
domain owing to their potential applications in our daily life. Artificial and natural ioniz-
ing radiation could exert harmful effects on the public and the environment. Therefore, 
radiological safety assessments must be conducted before the transportation of NORMs 
and consumer products to ensure that people and the environment are protected from 
unwarranted radiation exposure. This study estimated the dose and risk to the public in-
volving transport accidents of NORM materials and consumer products containing 
NORMs. Microshield code was used to estimate the external dose rate, which serves as 
input for analysis in RADTARN. A RADTRAN code was used to assess the dose and risk 
during a fire transport accident. The collective dose and risk to the general public were 
estimated and were found to be far below the annual regulatory limits of 1 man-Sv rec-
ommended by the IAEA, and the individual doses were also insignificant. To overcome 
the conservative estimate, sensitivity analysis was conducted for released, aerosol, and 
respirable fractions. The sensitivity analysis results have also indicated that radiological 
safety can be secured regardless of whether all radionuclides (238U, 232Th, and 40K) con-
tained in the transported shipments are released, aerosolized, and respired as well. There-
fore, there is a need to conduct radiological safety analysis during accident transport in-
volving NORM and consumer products incorporating NORM. Moreover, a comparison 
of population collective dose from another study on the transport accident involving low 
level waste (decommissioning wastes) was made, and the dose and risk were found to be 
further below the annual regulatory limit recommended by IAEA. Therefore, dose and 
risk do not rely on whether the source of radiation is artificial or natural, but the intensity 
of activity concentration. Similar studies are also recommended to estimate the dose and 
risk involving other transportation modes (rail, sea and air) and NORMs from various 
geological settings, as well as considering other type of class stability such as stability class 
A, B, C, D, and E. In accordance with the fundamental principle of radiation protection 
(GSR-part 3), the person or organization responsible for the facilities and activities that 
pose a radiation risk bears primary responsibility for safety. As a result, individuals in-
volved in the transportation of NORM and associated consumer products should exercise 
extreme caution when traveling through areas where accidents are more likely to occur. 
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