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Abstract. An RDD event occurs by explosion and radioactive material dispersion where 

particles containing radioactive material can reach great distances from original point of the 

explosion and generating a plume of contamination. The use of a RDD is regarded as the 

most likely scenario involving radiological terrorist material. 

Accurate information on the population and the estimated dose are essential for analysis 

during the decision process. This work intends to present a proposal for a convergence of 

methodologies using the computer simulation codes Hotspot Health Physics 3.0 and the 

statistical model Radiation Effects Research Foundation (RERF) to calculate the approximate 

dose depending on the distance of the original point of the explosion of an RDD. From those 

data, the relative risk of developing tumors is estimated, as well as the probability of 

causation. At a later stage, the proposed combination of actions intended to help the decision-

making and employment response personnel in emergency protection measures, such as 

sheltering and evacuation through the RESRAD-RDD software. The convergence of the 

proposed methodology can accelerate the process of acquiring information during the first 

hours of a radiological scenario and provide proper management of medical response and 

organization of the overall response. 
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1. INTRODUCTION  
 

 A Radiological Dispersal Device (RDD) is a relatively simple device, not requiring 

extensive knowledge of nuclear technology to be set up. A radioactive material and a high 

explosive put together targeting to cause radiological dispersion and contamination depending 

on the local atmospheric stability class. 

 The consequences of such event are not restricted to public health. This sort of incident 

can even paralyze a city or state causing significant economical, political and social damages. 

Information on the local population, climate conditions and the estimate of the dose are 
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essential intervening variables. There are many methodologies dedicated to study such a 

scenario. However, these methodologies in almost all designed to work individually. 

 The HotSpot code uses a semi-empirical Gaussian model to calculate the release of 

radioactive material to the environment. The code is able to assess the total effective dose 

equivalent (TEDE) simultaneously considering both external and internal contributions to the 

absorbed dose by combining all routes of exposure (S.G. 2013). 

 The RESRAD-RDD is a software developed by Argonne Laboratory and sponsored by 

the US Department of Energy (DOE). Intend to support the implementation of operational 

guidelines for Emergency Preparedness and Response to an incident involving a RDD 

(DOE/HS-001; ANL/EVS/TM/09-1).  

 The risks arising from ionizing radiation exposure have been studied by Radiation Effects 

Research Foundation (RERF) (Mabuchi, Soda et al. 1994; Thompson, Mabuchi et al. 1994) 

used by the United Nations Scientific Committee on the Effects of Atomic Radiation 

(UNSCEAR) in population cancer risk calculations. The model estimates the relative risk 

(RR) of developing cancer as result of radiation exposure, being developed from studies based 

on Japanese atomic bomb survivors, the Life Span Study (LSS). 

 The convergence this different capabilities was crucial to this study, provide that two 

well-defined steps were designed. The Step 1 set a scenario simulation by Hotspot along with 

RERF model to provide fast risk assessment in the field. In the second step RESRAD-RDD is 

used to propose strategies based on boundary conditions simulated in the first stage. This 

stage end up building a risk matrix for personnel involved in the RDD response. 

 

 

2. METHODOLOGY  
 

 HotSpot code is used to determine the dose distribution. Starting from those data the 

equation from RERF the relative risk (RR) of cancer development was estimated. The 

RESRAD-RDD was used to guide the decision-making process towards to public and 

personnel risk reduction during urgent protection measures as sheltering and evacuation. 

 Radioactive materials released into the atmosphere are dispersed by natural processes of 

turbulent atmospheric diffusion (ROCHEDO, 2005). The standard deviation of horizontal 

wind direction is an atmospheric stability classification system recommended by the Nuclear 

Regulatory Commission is related to the Pasquill Atmospheric Stability Categories: A: 

Extremely Unstable (σθ = 25 degrees), B: Moderately Unstable (σθ = 20 degrees), C: Slightly 

Unstable (σθ = 15 degrees), D: Neutral (σθ = 10 degrees), E: Slightly Stable (σθ = 5 degrees), 

F: Moderately Stable (σθ = 2.5degrees) (Pasquill 1961). 

 A RDD scenario demands fast decisions about protective measures such as taking shelter 

and/or evacuation immediatelly. The effectiveness of the protective measures depends on the 

concept of projected radiation dose for the risk assessment, defined as the dose that an 

individual would receive if no protective action was implemented during the response.  

 Typically, the response can be divided into three Phases (see table 1): (a) Initial, (b) 

intermediate, and (c) late. Those are generally accepted as common to all the radioactive 

incident (Shin and Kim 2009; Jeong, Park et al. 2013). 
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Table 1 – General phases on RDD emergency response (EPA, 2013) 

 

Phase Protection Action Protection Action Guide 

Initial 

Exposure Limit 50mSv 

Sheltering Projected dose of 10 to 20 mSv 

Evacuation Projected dose of 20 to 50 mSv 

Intermediary 

Exposure Limit 50 mSv/year 

Public resettlement Projected dose of 20 mSv /first year 

Ban food consumption for local 

goods 
Projected dose of 5 mSv/year 

Ban water consumption Projected dose of 5 mSv/year 

Final Cleaning actions 
PAG based on the optimization of 

response actions 

 

 The HotSpot code estimates the total effective doses and also the radionuclide 

concentrations in Bq/m3. For the different distances such concentrations in soil calculated for 

the different classes of stability are the input data for RESRAD-RDD. 

 The input parameters for Hotspot and RESRAD RDD are listed below. 

 

a) Input parameters for Hotspot 

1. Material: powndered Cs-137 

2. Material at Risk (MAR) - Total activity of the radionuclide: 3.7000E + 14 Bq 

3. Breathable Fraction (RF) (≤ 10 microns): 0.200 (20%) 

4. Material Breathable: 7.40E + 13 Bq 

5. Material Non-Breathable: 2.96E + 14 Bq 

6. Wind speed (h = 10 m - default): 2.50 m/s 

7. Explosive Material: 22.00 Pounds of TNT 

8. Meteorological data: Brazilian National Institute for Space Research (INPE – 

www.inpe.br). 

9. Location: Lat. 22°53'57.07"S, Long. 43°12'32.79"O - Central Bus Station of Rio de 

Janeiro, Brazil, which is close to the main highways and presents heavy traffic. 

 

b) Input parameters for RESRAD-RDD 

1. External dose conversion factor: ICRP 60 

2. internal dose factor: ICRP 72 (adult) 

3. Risk factor: FGR-13 Morbidity (FGR-13 provides dose coefficients using the new ICRP-66 

lung model and ICRP series 60/70 methodologies) 

4. Radionuclide: powndered 137Cs  

5. roughness correction factor for external radiation: 1 

6. resuspension factor (m-1): 1.0x10-6 

7. Inhalation rate (m³/h): 104 

8. particulate intake rate (m²/h): 1025x10-5  
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 This study aims to test the convergence of methodology. Thus, it was chosen to test the 

risk of developing solid tumors in general. The mathematical model presented by the RERF 

for the relative risk (RR) was adjusted for solid tumors in general and follow the equation 1. 

 

                      (1) 

 

 Where αs is the demanding excess linear risk regarding specific age Sv, D is the dose, e is 

the attained age at exposure in years and β is the determining factor modifier effect on the age 

at exposure (IAEA 1996).  

 The Operation Guide of RESRAD-RDD are characterized by seven groups (A to F) 

whisch are aimed to the implementation of recovering measures. For this study only the 

groups A and B we considered, these groups are dedicated to urgent protection measures 

required in the early stages up to 4 days. The Mission of Risk can be expressed as a 

relationship between threat and vulnerability and calculated according to the proposed 

equation 2. 

 

                     (2) 

 

 Where TEDE is the dose calculated by RESRAD-RDD, RR is the risk of carcinogenesis 

calculated according to the equations from RERF, σθ is the standard deviation of horizontal 

wind direction and BgR is the background (Bg) risk which is the risk for the natural level of 

radiation at the location. Mission Risk for Bg levels of radiation becomes zero when equation 

4 is applied to that case. Thus, the mission risk can be estimated taking onto account gender, 

age and wheater conditions. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1  Contamination from Hotspot calculations 

 

 Considering urgent protective actions, sheltering is recommended for effective dose 

greater than 10 mSv in two days and evacuation for effective dose exceeding 50 mSv in one 

week. Depending on the atmospheric stability class contamination plumes raises differently 

(see figure 1). The outer contour of the Hotspot simulated plume indicates isodoses of 1 mSv 

which is the limit for public safety recommended by [ICRP, 1991. 1990 Recommendations of 

the International Commission on Radiological Protection. ICRP Publication 60. Ann. ICRP 

21 (1-3)]. The dose plume area is weather dependent with maximum value at class F of about 

70 km². Authorities should consider weather forecast during response in order to save 

resources and optimize personnel employment. Figure 1 shows that safety area ranges from 

20 to 70 km².  
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Figure 1 – Contaminated area as function of atmospheric stability class. 

 

 According to the data from Hotspot, the evacuation area remains nearly constant of about 

2.1 km² for classes A to D. From class D to F the area raises up to approximately 4.4 km². For 

sheltering a similar trend is observed when compared to evacuation. The sheltering area 

remains nearly constant of about 5.3 km² for classes A to D raising up to approximately 15 

km² for class F. 

 Radioactive contamination in soil (kBq/m³) depends on the distance (km) from the 

explosion for atmospheric stability different classes. Results from Hotspot showed that a 

minimum safe distance to the explosion site ranges from 30 km for class E to 100 km for class 

F. The Base of Operations location should follow the maximum range for class F in order to 

be independent of weather conditions. 

 

3.2 Relative Risk (RR) – RERF 

 

 The RR calculations become important as far it allows to estimate vulnerabilities from 

both public and personnel. The results arosen from equation 1 and are shown in Figure 2. The 

risk seems to be similar whether female or male groups under Class A. For classes B to F 

there is a progressive increase in risk for women grouping rather than males. Possibly this 

result can be explained by the increase in absorbed doses when boundary conditions move 

from class B to F which impacts female gouping worsely.  
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Figure 2 – Relative Risk (RR) adjusted for solid tumors in general (equation 1). 

 

 Note that were included young individuals of both sexes aged 10 years. For this particular 

group the risk of carcinogenesis is more evident. These results can be helpful for emergency 

medical staff to the initial screening methodology. Based on this results children of both 

genres would be followed by women and then men, in ascending order of age during triage. 

 The calculation from RERF model using data from HotSpot showed RR reduction trend 

as a function of age and distance from the explosion site for all atmospheric stability classes. 

In all cases RR calculations are more severe for females, age-independently, when compared 

to males under the same conditions.  

 

3.3 Mission Risk Assessment 

 

 RESRAD-RDD Group A- Access control during emergency response operation 
 

 Group A is designed to assist the decision-making process regarding the employment of 

staff in the initial phase. The results can be used to limit the occupancy in area based on 

preliminary measure of contamination (Hotspot output data). Calculations take into account 

the total dose considered for evacuation and sheltering do not distinguish gender and age for 

this purpose which has been done earlier by RERF results evaluation.  

 This group was located 2km downwind from the focal point designed to remain in the 

access control area. This site has low radiation profile. Personnel should perform tasks 
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including: (a) administration, (b) media interaction, (c) shifts management and (d) risk 

assessment control. 

 Regarding to occupancy during field operations, results from RESRAD-RDD showed 

marked differences for each atmospheric stability class. Classe A indicated that a responder 

equipped with respirator keep on working 2300 hours before reaching 100mSv. At same 

conditions this working time is shortened as the classes move up from B to F becoming about 

180 hours for class F (see figure 3). 

 

 
Figure 3 – Exposure time considering the levels of radioactivity concentration in the soil at a 

distance of 2 km from the detonation site for different atmospheric stability classes (A to F). 

 

The results combined with RESRAD-RDD, suggest risk levels for professional staff which let 

the responders to decide the best team configuration in order to optimize the total dose, 

reducing risks. Table 2 shows risk calculations for personnel aged from 20 to 60 years-old in 

Group A. Differences vary in the range of 5-12% when male and females risks are compared. 

Risks are low compared with group B but still high once doses can reach 100 mSv. 

 

Table 2 – Mission Risk evaluation for Group A (RESRAD-RDD), Atmospheric Stability 

Class A (σθ = 25). 

 

Group A - Individual Risk Assessment 

Age  

(years) 

Mission Risk 

(Male) 

Mission Risk 

(Female) 

20 11.25 12.86 

30 10.74 11.97 

40 10.34 11.29 

50 10.03 10.77 

60 9.80 10.36 
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3.4 RESRAD-RDD Group B - Initial response, urgent protective actions (evacuation and 

sheltering) 
 

 For different classes (A to F), the Total Estimated Doses for 4 days of exposure were 

calculated. Provided that, was considered the individuals working on external contaminated 

area 100% of the time indoors (sheltered), 100% of the time outdoors and going to hot area 

sometimes performing outdoors missions. This group B is supposed to work in shifts within a 

site set up 100m downwind from the focal point. 

 Regarding to TEDE during field operations, results showed some differences for each 

atmospheric stability class for group B. Receptors are supposed to stay in three situations: (a) 

100% inside shelter (B1), (b) going to hot area sometimes (B2), and (c) 100% outside shelter 

(B3). Classes B, C, E and F seem not to affect absorbed dose at all. Class A seems to be the 

better atmospheric condition and class D the worse case giving the highest TEDE (see figure 

4). 

 

 
Figure 4 – Total Estimated dose (mSv) at 100 m from the focal point. 

 

  Table 3 shows risk calculations for personnel aged from 20 to 60 years-old in Group B 

and subgroups B1, B2 and B3. These results are regarded only to atmospheric stability class 

A with the aim of testing the convergence methodology. Comparisons of risk among 

subgroups B and group A indicate: (a) B1 increased by about 90%, (b) B2 increased by about 

360%, and (c) B3 increased by about 800%. 

 Percentage differences (Δ) between males and females risks within group A and 

subgroups B were evaluated. The variations ranges the interval: (a) Group A within 5 < Δ < 

14, (b) B1 in 3 < Δ < 7 (b) B2 within 4 < Δ < 11, and (c) B3 within 8 < Δ < 19. Overall, 

results indicate that the mission risk level tends to increase for women. Also, risk differences 

tend to disappear as age rises up. 

 

Table 3 – Mission Risk evaluation for Group B (RESRAD-RDD), Atmospheric Stability 

Class A (σθ = 25). 
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Group B1 - 100% inside shelter 

Age  

(years) 

Mission Risk  

(Male) 

Mission Risk 

(Female) 

20 21.05 22.51 

30 20.58 21.70 

40 20.22 21.09 

50 19.94 20.61 

60 19.72 20.24 

Group B2 - hot area sometimes 

Age 

 (years) 

Mission Risk  

(Male) 

Mission Risk 

(Female) 

20 40.28 44.74 

30 38.84 42.28 

40 37.73 40.39 

50 36.88 38.92 

60 36.22 37.80 

Group B3 - 100% outside shelter 

Age 

 (years) 

Mission Risk  

(Male) 

Mission Risk 

(Female) 

20 90.70 107.55 

30 85.27 98.26 

40 81.09 91.11 

50 77.86 85.59 

60 75.38 81.33 

 

 

4. CONCLUSIONS 
 

 The aim of this study was to propose a methodology that is able to converge capabilities, 

be friendly interface and could mainly be carried out quickly and conveniently, even remotely 

in the field. The scenario study based on the concept of convergence methodology looks 

consistent. The results do not contradict the literature and add a potential tool to support 

decision making. The findings of this study can provide additional support in some senses: (a) 

scientific basis for the choice of the response team; (b) designation of a team to a specific 

scenario; (c) reducing risk by anticipation; (d) determining the appropriate distances for Bases 

of Operation set up, and (e) advising about work times in the affected area. 

 Further studies are needed discuss about wheather measures can effectively be used to 

support the decision-making process in a real scenario. However, the effort to engage 



 
 

 

 

Proceedings of XVIII ENMC – National Meeting on Computational Modeling and VI ECTM –Meeting on Materials Science and Technology  

Salvador, BA – 13-16 October 2015 
 

 

different capabilities into one objective was challenging. This trial strategy might help to 

provide safety of response operations to radiological and nuclear emergencies. 
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