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RADSIM Objective

The central objective of this project was to carry out a combined
theoretical and experimental study under real field conditions, to
develop two robust computational tools for simulating the processes
of radon generation, transport, entry, and accumulation in buildings.
These tools will also enable the evaluation of the effectiveness of

prevention and remediation techniques in radon-affected
environments.
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GranCanaria | Fisica Working packets
WP1: Selection of case studies for the validation of the models. Responsible groups: ULPGC, UC, UAB

WP2: Typological characterization of the construction features of the selected sites. Responsible groups:UC ,ULPGC, IETcc-CSIC.
WP3: Radiological characterization of indoor spaces and foundation soils. Responsible groups: UC, ULPGC

WP4: Characterization of soil gas permeability at the foundation level in the study cases. Responsible groups: ULPGC, UC
Geomnia.

WP5: Continuous monitoring of differential pressures, temperature, and atmospheric pressure over 6 months in Saelices (Gran
Canaria, optional). Responsible groups: UC (ULPGC, opcional)

WP6: Monitoring of the soils surrounding the waste dump at the Saelices site to characterize a contaminated terrain where
remediation actions have been carried out. Responsible group: UC
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WP7: Development of simulation models for radon levels in enclosed spaces, adapted to the sites. Responsible groups: UAB,
IETcc-CSIC

WP8: Validation of the simulation models. Responsible groups: UAB, IETcc-CSIC

WP9: Application of the models to evaluate the effectiveness of mitigation measures. Responsible groups: UAB, IETcc-CSIC

Computational

WP10: Coordination. Responsible groups:ULPGC, CSN
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Universidad de WP1: Selection of case studies for the validation of the

Las Palmas de | Departamento de
Gran Canaria Fisica

models. (ULPGC, UC, UAB)

Two sites with high radon potential were
selected, each representing distinct geological
settings: one located on the Iberian Peninsula
and the other in the Canary Islands.
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Universidad de WP1: Selection of case studies for the validation of the

Las Palmas de | Departamento de

Gran Canaria Fisica mOdels. (ULPGC, UC, UAB)
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Universidad de WP2: Typological characterization of the construction features of

Las Palmas de | Departamento de
Gran Canaria Fisica

the selected sites. UC, ULPGC, IETcc-CSIC.

Site 1. Saelices.

ground-level floor. The structure has a square layout with a total area of 25 m?2.

Experimental module: The experimental module is a single-family dwelling located in a rural environment,
constructed without modern building techniques. It consists of two levels: a semi-underground floor and a
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models. (ULPGC, UC, UAB)

WP1: Selection of case studies for the validation of the

Site 2. Dwelling located in Gran Canaria.

Requirements for the second site:

a) The site needed to be a building in direct contact
with the ground, such as a single-family home or
traditional house.

b) It required adjoining land to permit radon
measurements in the soil and the evaluation of its
radioisotopic composition.

c) It had to have accessible routes suitable for
transporting measurement equipment and
conducting periodic measurements.
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Universidad de WP3: Radiological characterization of indoor spaces and

Las Palmas de | Departamento de

GranCanaria | Fisica foundation soils. UC, ULPGC

Parameters measured at both sites:

« Gamma exposure rates at 1 m above the ground.

« Radioisotopic concentration of the sail.

« Instantaneous soil concentration and permeability (Neznal method; M.
Neznal and M. Neznal, 2009).

 Indoor radon concentration in different rooms (6 months — 1 year).

« Temporal variation of radon concentration in the soil (Barasol) over a

period of 6 months.
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WP3: Radiological characterization of indoor spaces and
foundation soils. UC, ULPGC

Site 1. Saelices. Location of measurements and gamma doses.
MEDIDAS INSTANTANEAS Y RADON EN SUELO EN CONTINUO I CARACTERIZACION RADIOMETRICA EN EL ENTORNO DE LA "CASA PILOTO" (Mina de Uranio de ENUSA-Salamanca)
EN EL ENTORNO DE LA "CASAPILOTO" (Mina de Uranio de ENUSA-Salamanca)
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WP3: Radiological characterization of indoor spaces and
foundation soils. UC, ULPGC

Site 1. Saelices. Radioisotope and Radon Concentrations in Soils (GRP)

238(234Th) 226Ra(214Pb) 232Th(22¢Ac)
Punto

Bg/kg Bqg/kg Bqg/kg
01 Norte | 1260+210 2310+190 72417
02ASur | 1480000  2360+200 6116
(superficial)
02B Sur | 4550050 28604240 54416
(profundo)
03 Oeste | 1140+190  1890+160 64415
04 Este | 1040+170 2080+170 44414
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Tabla 3. Saelices. Valores puntuales de concentracién de radén y
permeabilidad en el terreno a 80 cm de profundidad y valor de GRP

Punto C (kBg m-) x (m?) GRP
E2 690 10-12 230
E3 1207 10-12 402
S1 744 10-12 248
S2 888 10-12 296
S3 887 10-12 296
01 1707 10-12 854
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WP3: Radiological characterization of indoor spaces and
foundation soils. UC, ULPGC

Site 1. Saelices. Radén in soil (1 m) continuous measurement (Barasol)
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Universidad de WP3: Radiological characterization of indoor spaces and

Las Palmas de | Departamento de

GranCanaria | Fisica foundation soils. UC, ULPGC

Site 1. Saelices. Indoor Radon.

6 months: may 2021 - january 2022
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Universidad de

WP5: Continuous monitoring of differential pressures,
Gran Canaria. | Praica oo de temperature, and atmospheric pressure. UC. ULPGC

Site 1. Saelices. e

Comprehensive Meteorological Monitoring:
Local station PCE-138 FWS20, PCE
Instruments. Measurements of wind speed,
temperature, pressure, humidity, solar
radiation, evaporation, and rainfall. 8-month
dataset.

I
[

TR

]

Measurement of Differential Pressures:
Between different rooms. 6-month dataset. &7

I

Blower Door Test: Air infiltration rate (n50)
of 2.4 h™ for ground floor and basement, and
2.2 h' for basement level.
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Universidad de WP3: Radiological characterization of indoor spaces and

Las Palmas de | Departamento de

Gran Canaria | Fisica foundation soils. UC, ULPGC

Site 2. Gran Canaria. Radén in soil (1 m) continuous measurement (Barasol).

Muestra 03 18.94 1.12 261.00 13.90 37.03

18 | | | ///I/ | | I I | |
22Ra  Incert. 40K Incert. ??°Ra o 48 b
Muestra Bgkg Bqg/kg Bgkg Bqg/kg Bqglkg g‘% k-
Muestra 01  25.55 1.43 383.00 19.10 92.97 gg 2r fiEA]
g 10} :
Muestra 02 21.95 1.08 313.00 14.50 91.45 ¥ sl ‘ *M i)

Muestra 04 32.87 1.66 691.00 31.00 92.76 2 T S S S R S RS VS S

Cr,: 14.5 - 22.5 kBg/m?3.
Soil Permeability k= 1.8x101! m? (High). GRP: 20 - 30. (M. Neznal and M. Neznal 2009).
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Universidad de WP4: Characterization of soil gas permeability at the

Las Palmas de | Departamento de

Gran Canaria | Fisica foundation level in the study cases.

Geotechnical study at the two sites carried out by Geomnia:

Geological Characterization

Laboratory calculation of intrinsic

permeability by different methods:

A. Grain size distribution and porosity

B. Grain size distribution, porosity, and
moisture

C. Texture

In situ high-vacuum test

Analysis of volumetric water content in soil

m O
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Universidad de
Las Palmas de
Gran Canaria

Departamento de

Fisica

Site 1. Saelices.

WP4: Characterization of soil gas permeability at the
foundation level in the study cases.

Site2. Gran Canaria

. Grain size distribution | ko(m?) (Hazen) | ko(m?) (Slichter) | ko(m?) (Bakhmeteff) Grain size distribution ko(m?) ko(m?) (Slichter) ko(m?)
and porosity 4 0 » ” and porosity (Hazen) (Bakhmeteff)
.3x10 1.26x10 2.13x10
2.69x10™ 5.56x10™ 1.45x1071°
o 2 i 2) (Nielson
Grain size d'St"bl.‘tlon' ) GEs IRy ML) ) TE e Grain size ko(m?) (Rogers y Nielson) ko(m?) (Nielson)
porosity, and moisture 4.46x1012 3.31x10" distribution, porosity, 08108 5 200107
i . X . X
ko(m?) Cata-10 | ko(m?) Cata-85-90 |  ko(m?) Cata-90 and moisture
Texture ko(m?) sondeo ko(m?) cata
1.07x10°"2 7.41x10"3 7.82x107"3 Texture
3.51x107? 5.75x107"3
In situ high-vacuum ko(m?)
test In situ high-vacuum ko(m?)
2.39x101 test
2.59x108
ko(mz)
RADON JOK ko(m?)
10"2-10" RADON JOK
1.8x10"
U " B INSTITU
- TO
' gggﬁ&fgnunEuucLEnn uc Jepusk| - Instituto de Ciencias de la Construccion ge=mnia
Universitat Autonoma UNIVERSIDAD o] EDUARDO TORROJA -
de Barcelona DE CANTABRIA ROJA




Universidad de

Las Palmas de | Departamento de WP7 Development of simulation models for radon levels in enclosed
Gran Canaria | Fisica spaces, adapted to the sites. UAB, IETcc-CSIC.

The RAGENA (RAdon Generation, ENtry and Accumulation) model:

The RAGENA model is a simulation software designed to study the dynamics of radon in enclosed spaces. It is developed
using the symbolic programming tool STELLA, allowing systematic and flexible modeling of radon processes.

The model represents the main radon accumulation processes in indoor environments, including:

Steady-state: stable radon concentration over time

Dynamic: temporal evolution of radon concentration. Time step can be fixed from seconds to years.

Unlike other models, RAGENA does not provide spatial resolution, focusing instead on average indoor concentrations,
offering a simplified but effective approach for exposure assessment and mitigation studies.

Structured in sectors. Compartmental model using “efective” values.

The set of coupled differential equations is solved by the 4th order Runge- Font, Baixeras and Domingo. Sci

K ical h Total Environ, 307, 55-69 (2003)
utta numerical method. Font. Radon Generation, Entry and

Inputs: experimental time-series data, constant values, probability distributions Accumulation Indoors. PhD
dissertation (1997)
Outputs: Cg; (1), Cgy; (1), Ciy; (1), ER(Ba/s) from each source
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priversidad de WP7 Development of simulation models for radon levels in enclosed

Departamento de

GranCanaria | Fisica spaces, adapted to the sites. UAB, IETcc-CSIC.

Diagram of the RAGENA model

—>  Generation

> Entry lDif. IAdv. lDif. l l

Mass-balance Multi-compartment house
—>  Ventilation I Air-exchange

Outdoors

Radon Levels

|

Meteorological parameters

Dynamic !
behaviour

Inhabitant habits
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E:;vggls.iggg_gee Departamento de WP7 Development of simulation models for radon levels in enclosed
Gran Canaria | Fisica spaces, adapted to the sites. UAB, IETcc-CSIC.

Symbolic Simulation Language STELLA and Its Application in RAGENA (Radon Modeling)

STELLA (Structural Thinking, Experiential Learning Laboratory with Animation) is a
symbolic and visual simulation language designed for building dynamic models of
complex systems. It uses a system dynamics approach based on stocks, flows, converters,
and connectors to represent physical, chemical, or environmental processes in a clear,
modular, and intuitive way.

Key Features of STELLA:
* Graphical interface for building models without writing code.
 Emphasizes feedback loops and time-dependent behavior.

e Suitable for modeling systems with mass and energy transfer, radioactive decay, and
transport processes.
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Universidad de
Las Palmas de
Gran Canaria

Departamento de
Fisica

UAB, IETcc-CSI

C.

WP7 Development of simulation models for radon levels in enclosed
spaces, adapted to the sites.

GENA model of Site 1. Saelices.
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Universidad de WP7 Development of simulation models for radon levels in enclosed

Las Palmas de | Departamento de

GranCanaria | Fisica spaces, adapted to the sites. UAB, IETcc-CSIC.

Radon Transport Modeling with COMSOL-IETCC

Modeling Methodology

*Finite element discretization of all compartments.

*Solves PDEs using iterative methods in both steady-state and transient modes.
*Implemented in COMSOL Multiphysics® with 3D geometries.

Geometry & Mesh Simplifications

*Tetrahedral mesh adapted to domain size.

*In large-scale models (e.g., pilot building, Valsequillo home):
* Perimeter joints (<1 cm) replaced by equivalent perimeter openings.
e Reduces node count without affecting radon flow accuracy.
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Universidad de WP7 Development of simulation models for radon levels in enclosed

Las Palmas de | Departamento de

GranCanaria | Fisica spaces, adapted to the sites. UAB, IETcc-CSIC.

Site 1. Saelices. COMSOL-ITCC

Model Geometry: The model reproduces the building’s spaces and construction systems. It consists of a volume
of 4.52 x 4,52 x 4.49 m encompassing both floors. The model is embedded in a block of soil-like material, buried

down to a depth of -1.11 m. LI
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WP7 Development of simulation models for radon levels in enclosed
spaces, adapted to the sites. UAB, IETcc-CSIC.

Radon Transport Modeling with COMSOL-IETCC

Physics Interfaces Used

*Transport of Diluted Species in Porous Media:

 Radon exhalation and diffusion via Fick’s Law.

°Free and Porous Media Flow:

e Darcy’s Law in porous media.

 Navier-Stokes in air volumes.

*Coupled Simulation:

* Radon transport linked to velocity fields from airflow module.
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WP7 Development of simulation models for radon levels in enclosed
spaces, adapted to the sites. UAB, IETcc-CSIC.

Radon Transport Modeling with COMSOL-IETCC

Additional Features

*Radon generation from soil and building materials.

*Air leakage & ventilation modeled via estimated ACH (Air Changes per

Hour).

Parametric studies used to:

e Estimate unknown parameters.

* Analyze sensitivity and influence on final results.

™ GONSEJD DE
L[;U S N SEGURIDAD NUCLEAR

INSTITU
- TO

epuar| Instituto de Ciencias de la Construccion ge mnia
Universitat Autbnoma UNIVERSIDAD DO rox| EDUARDO TORROJA =
de Barcelona DE CANTABRIA ROJA




Universidad de

Las Palmas de | Departamento de RESUltS. Some dynamiC SimU|atiOI‘IS

Gran Canaria Fisica

Site 1. Saelices. RAC in the basement. COMSOL-ITCC results
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Results. Some dynamic simulations

Site 2. Gran Canaria simulation. RAGENA
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Lot Pemas de | Departamento de WP9: Application of the models to evaluate the effectiveness of
Gran Canaria | Fisica mitigation measures. UAB, IETcc-CSIC.

Site 1. Saelices. Mitigation Case Simulations with COMSOL-ITCC

Radon Barrier Mitigation:

Installation of a radon-proof sheet on the basement floor
Installation of a radon-proof sheet on the basement floor and walls
Sub-slab Depressurization Mitigation:

Depressurization sump with the slab kept in its original state

Depressurization sump with cracks and holes sealed using concrete-like
material

Combined Strategies:
Depressurization sump + sealing + radon-proof sheet on the floor
Depressurization sump + radon-proof sheet on floor and walls
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Departamento de WP9: Application of the models to evaluate the effectiveness of
Fisica mitigation measures. UAB, IETcc-CSIC.

Site 1. Saelices. Mitigation Case Simulations with COMSOL-ITCC

No remediation radon-proof sheet radon-proof sheet (soil and walls)

Rn concentration 1,97 E5 Bg/m? 1,92 E5 Bg/m? 1,23 E3 Bg/m?
in the basement
Reduccion % 2,54% 99,37%
No Only Sump + Sump + Sump +
remediation  sump sealling sealing+rad  sealing+rad+
+ proof proof sheet

sheet (soil) complete

Rn concentraiion
in the basement Ba/m’ Ba/m? Bg/m? Bg/m? Bg/m?

1,97 ES 2.66 E4 1.88 E4 8.35 E3 1.93 E2

Reduccion % 80,5 % 90,46 % 95,76 % 99,90 %
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Gran Canaria Fisica

Specifying the radon source (soil concentration), interface permeability/diffusion, and ventilation rate allows the
models to explain radon transport and accumulation.

Mean values from the models can be used to estimate maximum concentrations for radiological protection
purposes.

The codes can be used to simulate the effectiveness of mitigation measures.

COMSOL-ITCC (Finite Element Model):

Provides spatial and temporal resolution, allowing detailed analysis of radon entry paths and room distribution.

Limitation: Requires very fine meshing for accuracy, leading to long computation times.
RAGENA (Flow Balance Model):

Low computational cost with good temporal resolution.

Limitation: No spatial resolution; only global room parameters. Requires precise input for inflow and outflow
to provide reliable predictions.

An optimal simulation code for indoor radon behavior would combine the capabilities of both types of codes.

Finite element models could provide precise spatial and temporal determination of inflow and outflow, which
could then be used as input for box-type flow balance models.
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