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Highlightd

• Airborne release of hazardous material associated with the sanitation of rjnc. d;e.
• Concrete of nuclear installations experience activation due to the neutron flux.
• Industrial milling machine equipped with dust mitigation vacuum 'ysteA .
• Aerosol produced is for 45 % in the respirable and for 82 % in the thoracic fraction.
• The mineralogical composition is dominated by calcium and silica.

Abstract:
The sanitation of concrete structures through dismantling of nuclear buildings is complicated 
by the radiological threat associated with Ae airborne ^dease of fine dust. This is the reason 
why the aerosol release fraction (ARF) assoAæd with mechanical removal of concrete 
structure containing radioactivity needs to be accurately evaluated to implement efficient 
radiological survey and containment techniques. We characterize experimentally the ARF 
resulting from milling operations on a standard non-radioactive concrete slab in a confined 
experimental chamber using indistr'al scarifying machine. Our results reveal a significant 
production of fine aerosol particn^ with a mass median aerodynamic diameter close to 4 |am 
and which mineralogical composition is dominated by calcium and silica compounds. The 
ARF measured when a vacuum suction device is used to confine the dust production close to 
the source is on the order of 5*10-4; the maximum ARF estimated when no suction device is 
used is on th or 1er A 0.5. As the study is focused on non-radioactive concrete, transposition 
of aero. ol oaracteistics investigated in this study to assess radioactive airborne release is 
only relevant for in-depth neutron activation on elemental compounds of concrete.
Keyword.s: Dismantling, airborne release, concrete, scarifying, aerosol 
Corresponding author: mamadou.sow@irsn.fr

1 - Introduction

All over the running period of nuclear plants and laboratories, their concrete structures are 
activated by the neutron flux they undertake repetitively, and in some circumstances their
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uncoated surfaces are contaminated by adventitious contact with fission or corrosion products 
as the result of leaking or spilling of liquids [1]. Concrete, that accounts for up to eighty 
percent of the total mass of materials present in a nuclear facility [2], is used for several 
purposes: as a biological shielding against the neutron flux; as a shell against the falling of 
massive objects such as aircrafts and against the seismic risk; or for the building of the 
containment enclosure walls and floor that isolates a pressurized water reactor. Thus, during 
disassembling and dismantling operations, hundred thousand of tons of concrete containing 
radioactivity over a greater or lesser thickness are handled [3]. Experimental data reveal that 
radioactivity is present in one to ten percent of the whole concrete mass and penetrates 
through several centimeters depth [4]. Accordingly, the concrete structures of nuclear 
installations must be sanitized so that the waste resulting from the dismantling operations 
meets the criterion of very low level waste (VLLW) and be storable or recyclable without any 
radiological restriction. Indeed, any dismantling strategy should focus on minimizing f^e 
waste volume to be handle. For instance, if a whole building containing radioactivity is 
demolished using explosives, all the debris is considered hazardous and need caeful 
handling. This also means cost for surveillance and maintenance. Using a .urfac^ removal 
technique is more cost effective since the volume of radioactive materi al is 1imi* ed to the 
removed surface thickness. Additionally, the resultant concrete conventional waste -of high 
quality- can be used in civil engineering sites such as road or brige constructions depending 
on country specific regulations.
Concrete remediation commonly involves mechanical removal of the layer containing the 
radioactivity by means of various techniques (abrasive bla^ur g, scarifying, hammering, 
sawing, etc.) depending on the thickness to be chopped off [5]. The stress energy of these 
mechanical ablation processes fragments the concrete, which unavoidably produces airborne 
particulate matter. The particulates in the c.tw ntional respirable and thoracic size ranges are 
hazardous for people who could intake them ad this threat is exacerbated in presence of 
radioactivity. Therefore, prior to remediation and dismantling of concrete structures, it is 
crucial to have a good knowledge of the neutron activation and contamination they have 
received during their operating time and, which is leftover after shutdown, as well as the 
concerned thickness. This voua permit to tailor the most appropriate surface treatment 
method (robot, operators, tools, etc.), but also to contrivance appropriate radiation protection 
procedures. In this regard, the French Nuclear Safety Authority (ASN) has made available a 
guide entitled ” Compte post-operational clean out methodologies acceptable in basic 
nuclear installions in Trance [6]”, where it described several recommendations on the 
classification surfaces containing radioactivity to be sanitized, the type of treatment to be 
considered depending on the activation or the contamination depth, as well as the radiological 
survey to be carried out after the remediation on the cleaned structures and on the produced 
conventional waste. Nevertheless, ASN does not provide any information about the menace 
associated with the resuspension of particulate matter throughout remediation operations. 
Indeed, various ways for assessing radioactivity levels in activated and contaminated concrete 
structures exist and are based on measurements of surface mass activity and radiation level on 
the tainted thickness [7]. Similarly, there is a plethora of studies on the formulation of internal 
doses and health risks related to radionuclides inhalation or ingested into human body [8],
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with elaborated models combining the number of inhaled particles, tidal volume, respiratory 
rate, duration of exposure, etc. [9,10].
Paradoxically enough, the level of understanding of the airborne fraction mobilized from a 
concrete surface during remediation operations, and which makes it possible to evaluate the 
probability of a person to come into contact with radioactive particles, is limited. In the 
nuclear industry, the Brunskill [11] works provide resuspension coefficients of particulate 
contaminants on concrete surfaces, but these are labile contaminations deposited on concreted 
soils, in the form of aerosols or dried liquids which are re-suspended afterward. The study that 
seems the most relevant to the problematic of interest is probably that of Jardine and co- 
workers [12] who measured resuspension coefficients, in laboratory conditions, during the 
fragmentation of brittle materials (ceramic, glass and concrete) following the impact of a 
weight falling from a given height. They estimated a resuspended fraction of 4.3*10'2 on a 
concrete surface receiving an impact energy density of 10 J.cm-3. In civil (non-nuclear) 
facilities, studies on the emission of particulate matter following concrete cutting ope'atiois 
are limited to dust monitoring, for the sole aim to tackle concerns about air quality, pollution 
level standards or dealing with workers occupational exposure [13, 14]. Ir fact, egarding 
nuclear safety, the interesting parameter is the ratio between the airborne contamination and 
the potentially dispersible amount of contamination; expressed, for the a ^rosol particles, in 
terms of airborne release fraction or rate [15, 16]. Moreover, the chara tenstics of the whole 
airborne aerosol (including non-radioactive particles) is as important a ^ that of the radioactive 
particles alone regarding the safety concerns, since it determin^s the way the filtration and 
collection techniques are designed to ensure efficient cnfnement regarding filters clogging 
issues. Notwithstanding, the poverty of data on particles resuspension during concrete 
mechanical ablation contrasts with the abundance of studies on particles resuspension on 
other types of contaminated materials [15, 17,18]. Sehmel [16] has compiled nearly a hundred 
measurements of particle resuspension factors (ratio between air volume and surface 
concentration of a particulate contaminant) in indoor and outdoor environments, on surfaces 
contaminated mostly by radioactivity and subjected to mechanical stresses such as walking 
operators, cleaning activities, tilLng, wnd erosion, car traffic, etc. and, the documented 
resuspension factors extent o no ïess than nine decades. Hence, it would be unrealistic to 
draw a generic resuspension factor from these studies that would be transposable to the 
dismantling of concrète i' nuclear facilities, even though a factor generally below 10-6 m-1 is 
generally considered in ~adiation protection procedures [19]. Moreover, it should be noticed 
that the resuspension fa.tor depends on the particulate source term and also on the airflow 
environment influencing particles dilution, transport and deposition. Consequently, it is more 
convenie * to '^ss separately the particle source term based on a release fraction or rate and 
the particles behavior (dilution, transport and deposition).
The glaring lack of data has motivated the launch of a dedicated experimental study on 
particle airborne release fraction during concrete scarifying operations, by quantifying the 
total amount of emitted aerosol using high volume samplers along with particle size 
distribution analyzing tools. It is noteworthy to mention that the work is realized in absence of 
radioactivity but the outcomes should be conveniently applicable to concrete structures in 
nuclear installations, exposed to neutron flux. Indeed, activation of concrete is rather 
ubiquitous and homogeneously distributed within the stricken thickness. For this, a major
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activation product worthy of interest is calcium, due to its large quantity in the concrète 
cement [20] and the long half-life of the isotope 41 Ca of 102,000 years resulting from the 
40 Ca activation. Concrete samples taken from the biological shield of two research reactors, 
several years after shutdown, reveal a mass activity concentration for 41Ca of 27 Bq/g [21,
22]. Other activation products such as europium (152 Eu and 154 Eu), Barium (133 Ba) or tritium 
(3H) [1, 23,] are also overseen during dismantling because of their presence, sometimes in 
trace amount, in concrete manufacturing material. In this respect, a mineralogical analysis on 
the collected particles is realized with a particular emphasis on potential activation products. 
As far as contamination is concerned, it occurs mostly in absence of surface coating and is 
thus a less widespread phenomenon. Therewith, it is confined inside cracks, which is trickier 
to assess in terms of resuspension fraction. Nevertheless, the radiological risks associated with 
concrete surface contamination cannot be overlooked regarding aged and degraded surface 
coatings for which the contamination barriers can be perforated.

2 - Material and method

• The concrete slab

A concrete slab of 2.50 m (L), 2.10 m (W) and 0.20 m (H), made of sa d, gravel, cement and 
water mix with respect to the specifications described in Table 1 a^ ^ported with a 
reinforcing steel mesh, was specially poured for the purp^e Cf the exAeriments. The slab was 
molded following the compressive strength C25/30 meeting the requirements of NF EN 
12390-3 standard. This compressive strength is evE'iated 'Eer loading a 28 days old 
specimen to failure in a compression machine. The measured density of the tested specimen is 
2241 kg/m3.
The concrete slab dried for six week^ prior to Ee scarifying operations.

Table 1- Composition of the C25E0 cmc 'te slab

Sand Gravel Cement Water
Granulates 0/6.' mm 4/14 mm - -

Petrography Mixed Alluvial - -

Elaboration Semi Crushed
Washed

Semi Crushed
Washed

- -

Supplier CEMEX
Granulats

LAFARGE
France

CALCIA Tap water

Place of production Quarry of 
Bouafles,
France

Quarry of La 
Brosse
Montceaux,
France

Couvrot plant, 
France

Champ sur 
Marne,
France

Standard XPP 18-545 NF P 18-545 CEM II / B-LL
32.5R

-
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Quantity (kg per 982 814 410 245
m3 of C25/30)

• The cement composition

Clinker is the main constituent of cement fabrication. It is obtained by cooking at 1450 ° C a 
mixture of limestone (calcium carbonate) and clay (aluminum silicate) (~2/3 limestone and 
~1/3 clay). Note that these proportions do not follow any standard and are as a matter of fact 
only indicative.

• The industrial milling machine

The scarifying operations were accomplished using a manually propelled industrial milling 
machine (Blastrac BMP-265E) of 175 kg, powered by an electric motor at 5.5 kW. The 
machine works with milling cutters arranged all around a rotatable drum snnnii.g at 1500 
rpm, enclosed in a containment shelter and plumbed in a vacuum dust collector (BDC138- 
HLP) positioned outside the tent, that is equipped with a HEPA ce^'fied bagging system 
(Figure 1). An aspiration flowrate of 2.45 m3/min was estimated by a hot wire anemometer 
probe measuring close to the drum center, knowing the shelter section.
The machine weight is centered on the drum that is sited _ the concrète slab. The milling 
machine works with adjustable depths.

vacuum unit

Folding sleeve

-«------- Milling machii

Gollecting bag

Figure 1 - The Blastrac milling machine equipped with a tubing sitting on the concrete slab 
(left) and the vacuum dust collector with its bagging system

• The experimental chamber
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The study was performed in a closed experimental tent, stretched on an inflated skeleton, in 
the shape of a half elliptic cylinder (Figure 2). The tent volume can be approximated using the

expression V = n R r L, with R (m) the height of the tent, r (m) its width and L (m) its
4

length. Accordingly, the outside volume is ~ 101 m3 but the inside volume is tricky to 
estimate because it requires subtracting the volume of the inflated skeleton which is in the 
form of mesh with voids. In the hypothesis of a fully filled tent frame, this volume would be ~ 
57 m3. A different way of evaluating the tent true volume is based on the “closed box” 
method presented in appendix A. Knowing the air cleaning characteristic time of the tent and 
the total ventilation flowrate, the volume is ~97 m3. This value is closer to the outside volume.

Inflated skeleton
Sideways view

7.3 m

Front view

5.' m

Figure 2 - Schematic representation of the experimental tent

• The aérosol collection system

During the scarifying operations, the aerosol nu mber concentration and the size distribution in 
the tent were monitored in real time by optical particle counter (Grimm 1.109) over a time 
step of 6 s. The particle mass size distribution was also assessed using a more straightforward 
method by an Andersen Cascade Ir pactor (ACI) that gives access to particles aerodynamic 
equivalent diameter.
The emitted aerosol was colle Ted by five high-volume samplers (HVS-TSP) working at 
1.13 m3/min flowrate on HEPA (High Efficiency Particulate Air) filters with no preference to 
size selection and with sampling efficiency close to 100 % for particle aerodynamic diameters 
below 5 pm and low wind velocity conditions [24, 25]. To maintain a constant sampling 
flowrate during operation, a hot wire anemometer probe inserted into the flow stream 
automaticEïy adjusts the motor speed as the HVS-TSP filter begins to collect significant 
amount of particles and causes pressure drop increase. The schematic of HVS samplers 
implantation inside the tent is shown in Figure 3.

6



Journal Pre-proof

650 cm
◄---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ►

Figure 3- Schematic représentation of the experimental setup

3 - Results

• Dust concentration

Prior to scarifying operations and in-between trials, the experimental tent was wiped up and 
the absence of background dust establishe^ by the abse ^ce of particles in a detectable amount 
on the HVS-TSP filters - sampled for half an hour- by double weighing. This procedure 
guarantees that the generated airborm particles 'ome exclusively from the milling. The 
temperature and relative humidity recoided in the tent during trials were between 25°C and 
30° C and 40 % and 45 %, respectively.
The scarifying was done on o^e-w;/ ri des, on a working width of 265 mm until a working 
depth of about 10 mm was 1 eache^ over the slab length, after more or less 8 runs, during a 
period less than 10 min tes. a1! through the milling phase, an abrupt rise of aerosol 
concentration is observed inside the tent that results in a quick decline of visibility (Figure 4 - 
see also supplementary video).

7



Figure 4 - Dust perceptible to the naked eyes along with a milling ride; on the back right, 
the connecting pipe to the vacuum is distinguishable

Dust production in a significant amount is evidenced by the Grimm 1.109 optical particle 
counter monitoring, which exhibits an increase in aerosol concentration. This is because the 
aerosol production rate in the tent is greater than that of their disappearance by aspiration on 
the HVS filters and the vacuum mitigation sysum Once the scarifying operation is 
completed, there is no more aerosol sou.ce and consequently the aerosol concentration 
decreases rather exponentially over tA ^ (Figure 5). The milling operation is clearly 
accompanied by the production of substantial quantity of aerosol, even though the dust 
production is mitigated by a vacuum system; the maximum particle number concentration 
Cmax being ~2.8*109 #/“A A^ut one hour after the ending of the milling, the dust particles 
are all collected and Ae aerosol concentration goes back to the background value.

8
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End

Time (min)

Figure 5 - Evolution of the aérosol concentration inside the expérimenta) tent diring a 
milling operation trial. The concentration is normalized to the maximum value

• Partiale size distribution

The airborne particle size distribution (PSD) was assessed throughout the milling operation 
trials with two different means: as equivalent optical diameter form the Grimm optical particle 
counter (OPC) and as aerodynamic equivalent diameter from the Andersen cascade impactor 
(ACI).
The OPC detects scattered laser-light in 15 size channels: [> 0.30 pm]; [> 0.40 pm];
[> 0.50 pm]; [> 0.65 pm]; [> 0.80 pm]; [> 1.0 pm]; [>1.6 pm]; [> 2.0 pm]; [> 3.0 pm];
[> 4.0 pm]; [> 5.0 pm]; [> 7.5 pm]; | ■ 10.0 pm]; [> 15.0 pm] and [> 20.0 pm]. The Grimm 
1.109 OPC assesses the PSD indirectly by comparing the electronic pulse strength of the 
scattering particle to the one ot a size-calibrated spherical latex particle. The raw PSD from 
the OPC is presented in the form of a cumulative count fraction. Assuming spherical particles 
and ignoring the par^cles refractive index bias, we make an estimation of the PSD in terms of 
particles volume (or m^s) which gives access to the mass median diameter (MMD) (half of 
the particles h^e a diameter less than the MMD). The MMD given by optical particle sizing 
is between —4 and 5 pm (fig. 6).
The Ande'sen ^cade impactor with 8 collection stages has channels with aerodynamic 
cutoff sizes: [> 9 pm]; [> 5.8 pm], [> 4.7 pm]; [> 3.3 pm]; [> 2.1 pm]; [> 1.1 pm]; [> 0.7 
pm] and [> 0.4 pm], respectively. The PSD evaluation with the ACI is more straightforward 
since each stage separates aerosol particles into two size ranges. Particles larger than the 
cutoff size are removed from the aerosol stream and are collected on a substrate for weighing; 
particles smaller than that size remain airborne and pass through the next stages and so forth. 
The aerosol mass collected on the different ACI collection stages (fiberglass filters are used as 
collection substrate) were: 1.7 mg; 4.1 mg; 3.8 mg; 6.4 mg; 3.6 mg; 1.7 mg; 0.2 mg and 0.2 
mg, respectively. The mass median aerodynamic diameter (MMAD) of the PSD obtained with

9
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the ACI is 4.3 pm with a geometric standard déviation (GSD) equal to 1.7 as represented on 
figure 6.

Optical équivalent diameter (pm)

Aérosol mass size distribution

Aerodynamic diameter (^m)

Figure 6 - Particle size distribution expressed as optical equivalent diameter fr m the OPC 
(left) and as aerodynamic diameter from the ACI (right) for a milling operation trial

To extend further the aerosol release fraction size analysis, the PSD of Ae dust collected 
either in the vacuum bag or scrubbed from the HVS-TSP filters was assessed as aerodynamic 
diameter from time-of-flight analysis (PSD 3603 Particle Size Dis. 'ibudon Analyzer, TSI). 
The PSD 3603 analyzer disperses and accelerates individual particles through two laser 
beams. As the particles passes through the laser beams, a detector records the scattered light 
that is converted to an electric pulse. The passage time between the two beams, called the 
time-of-flight, is measured and transforme^ to ai aerodynamic equivalent diameter by a 
reference table, done by calibration with sue-cmbrated spherical particles. The volume and 
number PSDs obtained using this technique aie shown in figure 7. In the figure representing 
the particle number size distribution (o. the right), the result obtained on reference particles 
made out of standard glass bead whose average diameter is 2.5 pm is also shown.
Analyzes performed with the PSd ~o0; show that the particles collected by the HVS and by 
the confinement vacuum bag ha e q^te similar size modes around 1 pm to 2 pm. On the 
other hand, the volume (mas.) particle sizes measured by the PSD 3603 reveal that the 
distribution is bimodal with a mode for large particles at about 20 pm. This later mode could 
be related the handling f the scrubbed dust that can lead to the formation of aggregates due to 
the inter-partide adhesion forces (van der Waals, electrostatic). These aggregates are not 
necess'rily well de agglomerated by the powder disperser of the PSD 3603 instrument. 
Therefore, we do not think that the coarse mode is representative of the airborne particles. To 
support this assumption, we assessed the sampling efficiency of the Andersen impactor inlet 
with the model developed by Grinshpun et al. 1993 26[26] in order to verify the ability of the 
instrument to catch such coarse particles. If it is assumed that the impactor samples the 
aerosol in an atmosphere with slow moving airflow and with a horizontal velocity below 0.5 
m/s (which is a reasonable hypothesis in our experimental configuration) the sampling 
efficiency of the impactor inlet is above 80 % for particles with aerodynamic diameters below 
35 pm.
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Regarding the volume distribution mode for particles smaller than 10 pm, it is found that the 
one determined by the PSD 3603, between 2 and 3 pm, is noticeably smaller than that 
determined by the ACI. Indeed, several studies have shown that the PSD 3603 underestimate 
the size of particles by 20 to 50 % when they are not perfectly spherical [27]. Therefore, the 
PSD 3603 measurements can be arguably considered to be consistent with the other PSD 
analysis methods.

Figure 7 - Volume particle size distributions (left) and nvm^'r (right) of particulates taken from 
one of the HVS filters and the vacuum bag filter

The results on the PSD of airborne particles produced during the scarification operation from 
the impactor measurement taken as reference are in the micron size range. Consequently, it is 
relevant to assess the different conve'tional size fractions [28] for this type of aerosol as 
defined for occupational worker exposu. e assessment.
These particle size-selective fracFom c^lled: inhalable (the aerosol fraction which enters the 
nose and/or the mouth during breathing), thoracic (the sub fraction of inhalable aerosol which 
penetrates into the respirafo-y trac ^ below the larynx) and respirable (the sub fraction of 
inhalable aerosol that pietr^es down to the alveolar region of the lung). These fractions are 
represented in the foin of mrves (fig. 8, curves fraction in terms of pénétration probability in 
airways), which r N1ate t' probability of inhalation, or penetration to the thoracic or alveolar 
regions, as functions of particle aerodynamic diameter. The standardized functions used to 
compute these curves are detailed in references [26], [29], and [30].
These cur^s are a guidance to design a specific aerosol samplers and to operate the particle 
sampling in order to get directly representative particle concentrations that could reach the 
three regions in the basis of occupational worker exposure. For that purpose, we determine the 
three conventional fractions corresponding to the aerosol PSD measured with the ACI. For 
more convenient calculations, we used a lognormal fit of PSD (represented by the blue line in 
fig. 8 in terms of normalized particle size fraction).
The three conventional fractions specific to the aerosol PSD are obtained by multiplying the 
penetration probability by the normalized particle size fraction and integration over the
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particles size spectrum. Values equal to 88 %, 82 % and 45 % are obtained respectively for 
inhalable, thoracic and respirable fractions. This means, as an example, that 45 % of the 
ambient aerosol mass concentration could penetrate to the alveolar region of an operator.
The high values obtained (i.e. > 80 %) for inhalable and thoracic fractions make sense since 
the aerosol PSD measured with ACI exhibit mainly particles with aerodynamic diameters 
below 9 pm, for which inhalation probability and penetration to thoracic region is higher than 
50 %.

Aerodynamic diameter (pm)

------- Inhalable Fraction
........ Thoracic Fraction
--- Respirable Fraction 
------- Aerosol particle size distribution (%/|jm)

Figure 8 - Conventional particle size fractions compared ^ p^ticle size distribution measured 
by the ACI and considered as lognormally distributed

• The aerosol release fraction

To appropriately evaluate the aerosc1 release faction (ARF), it is mandatory to verify that the 
produced airborne particles are homogeûzed in the experimental enclosure and can be 
collected by the HVS samplers. I* is worth mentioning that the experiments were done 
without a dedicated ventilation sysVm: nevertheless, the high volume samplers, that have the 
specificity of sucking and e^hauVing the air within the tent, generates an air cleaning process. 
The homogeneity of the aerosol in the experimental tent has been verified using a “closed 
box” method by mouton 'g the aerosol concentration over time (Appendix A). The 
calculations reveal a quasi-homogenous air mixing in the tent during the milling trials.

The ra7 ATF is expressed as the ratio of the aerosol mass collected on the HVS-TSP filters 
and the whole mass of concrete scarified:

mass of collected aérosol (kg) 
mass of scarified concrète (kg)

(1)

The quantity in the numerator of eq. 1 is assessed by differential weighing of the HVS-TSP 
filters and totaling the mass collected over the five filters. Note that the OPC (5 L/min) and 
the ACI (28 L/min) operate at a low flowrate, several orders of magnitude smaller than the 
HVS-TSP (5^1.13 m3/min). The quantity on the denominator is evaluated with two different
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methods: 1) by collecting and weighing the gravels on the concrète slab that are too heavy to 
be pumped out to the vacuum bag and the ones that have rolled underneath the ramp 
supporting the slab, then to this mass is added the mass of dust collected in the vacuum bag 
itself; 2) by evaluating the chopped off volume of concrete - using a sliding caliper for the 
thickness and a ruler for the length and the width- which is multiplied with concrete density 
(Figure 9).

13
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Figure 9 - Top left) aérosol collected on a HVS-TST fiJ^r. top right) dust pumped off 
to the vacuum collecting bag, bottom left) heavy gravels scrubbed on the concrete slab 
and bottom right) chopped off concrete Tolume measuring.

Table 2 presents the recorded values Tom one milling operation trial. The collected mass of 
aerosol is in the order of magnitude of o^ gram per filter with a quite balanced distribution 
on the different HVS-TSP samplers, which is another good indication of the air aerosol 
mixture homogeneity in the tent. The mass of removed concrete is in the order of a few 
kilograms with about half of this mass in the vacuum collecting bag. The mass of scarified 
concrete (mass losses of the slab), assessed either with the weighing of the rubble plus dust in 
the vacuum bag or with the lost volume calculation, is quite consistent with a mass of about 
17 kg for each trial and about 5 % difference for the three trials.
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Table 2 - Measured airborne and bulk concrète mass during a milling trial

Mass of aerosol 
collected (g)

Mass of scarified 
concrete (kg)

Estimated mass of scarified 
concrete (kg)

HVS 1

HVS 2

HVS 3

HVS 4

HVS 5

1.23 (g)

1.20 (g)

1.29 (g)

0.78 (g)

1.58 (g)

Inside the vacuum 
bag

On top of the slab

Underneath the ramp

8.87 (kg)

5.58 (kg)

2.72 (kg)

Tickness

Length

Width

Volume

Density

1.33 (cm)

26.5 (cm)

225 (cm)

7930 (cm3)

2.214 (cm3)

Total 6.09 g 17.17 kg 17.56 kg

The ARF, for the three milling operation trials, is presented in table 3 u ang the weighted 
chopped off concrete mass, along with blank measurement before eau trial, and the number 
of one-way milling runs during the concerned trial. The blanks aie three orders of magnitude 
smaller than the collected mass on the HVS-TSP filters confirmmg uh; the airborne particles 
come exclusively from the milling operation during a trial. The mean raw ARF value is 
3.09*10-4 with a COV of 27 % that shows a good repeatability of the measurements.

However, this raw ARF values do not take :nto *ccount the fraction of released particles that 
were not sampled by the HVS-TSP. Indeed, during the aerosol sampling with HVS-TSP, a 
fraction of the airborne particles is de^^sited by settling and thus not collected. This non- 
collected fraction that depends on available floor surface, sampling and vacuum bag flowrates 
becomes important as particle size e.da ges due to gravity. Thus, a loss multiplying 
coefficient, a, must be appl' ed th collected mass of aerosol to accurately evaluate the ARF 
source term.
The loss coefficient, wh^h refers to an aerosol collection yield, is assessed analytically using 
the “closed box model”. It is also validated experimentally by dispersing a calibrated mass of 
aerosol with a defined size distribution, in the experimental tent and measuring the mass 
effectively collected by the HVS-TSP samplers. This experimental validation is necessary to 
correctly ^sse^s the particle losses due to deposition and intrinsic sampler efficiency. The 
experimental results are presented in Appendix B.
Calculated value of the loss coefficient, a, is 1.59 which corresponds to an aerosol collection 
yield of 63 %. The mean ARF taking into account the loss coefficient is thus 4.9*10-4. This 
value is two orders of magnitude lower than the ARF measurements found in the literature 
related to fragmentation of concrete surface after weight impacts [11]. This large difference 
could stem from the energy delivered to fragment the concrete sample in addition to the fact 
that the scarifying machine is equipped with a vacuum mitigation system.

15



Journal Pre-proof

It appears that the vacuum dust containment system combined to the concrète milling 
operation reduces significantly the dust generation but does not suppress entirely the aerosol 
release. Indeed, in absence of the vacuum containment, in the hypothesis that all the dust 
collected in the vacuum bag filter was airborne, the ARF should have been in the order of 
magnitude of 5x10-1; which would mean that half of the mass of concrete scarified is become 
airborne during the milling operations. This assumption is relevant since the dust collected in 
the vacuum bag filter exhibit similar size distribution to the one collected by HSP-TSP 
samplers as shown Fig. 7.

Table 3 - The ARF assessed for three trials and its mean value

Trial # runs Blank (g) Airborne (g) Scarified (kg) Raw ARF

ARF
accounting for
collection
yield

1 7 0.015 6.09 16.87 3.61x10"4

2 9 0.029 5.15 14.57

0,3.5- x10-43 7 0.015 3.17 15.03 2.1/X10'4

Mean 4.80 15.49 3.09x10-4 4.9x10-4

COV 37 % 8 % 27 %

ARF is a key parameter that is mandatory to ■ valuate the source term of contamination, so 
that the radiological consequence of an operation can by assessed by dismantling operators for 
normal conditions and accidental scenaoos. The other important parameter is the particles size 
distribution (PSD) which pilot aerosol penetration in airways, efficiency of personal 
protective equipment and also aerosol transfer in ventilated enclosure and network down to 
potential exhaust to environnent. ARF together with PSD are of primary interest to design 
containment systems based on filtration or epuration process.
ARF depend on the s, 1ected scarifying machine and whether or not it is equipped with a 
suction device. lAe con .ete mechanical characteristics and ageing could also affect the ARF 
value. Due the vade^ of the available milling machines, the value of ARF determined in this 
study cannot therefore be generalized. Nevertheless, this first thorough study gives the order 
of magnitu1e for ARF which could be expected in concrete dismantling procedures and a 
detailed metiodology to assess the ARF for other scarifying machine and configurations.

• Chemical and mineralogical characterization

The elemental and the mineralogical composition is assessed using X-ray analytical 
techniques to identify major and minor concrete compounds which could lead to activation 
products in operating nuclear facilities.
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Analyses were performed on particle samples both scrubbed from the HV S filters and 
collected in the vacuum bag filter.
X-ray fluorescence spectrometry (XRF) is used to identify the elements present in the samples 
(except the elements lighter than sodium) and their proportions. In addition, the sample 
mineralogical composition is established using X-ray diffraction (XRD). This coupled 
information is necessary for the characterization of the dust elemental compounds as well as 
their oxidized form.
The bulk elemental composition analysis on the dust samples is done using XRF — Epsilon 
3XL, Panalytical spectrometer — that identifies chemical elements from sodium to uranium 
and quantify them (for mass concentrations ranging from a few ppm to several tens of 
percent). For accurate XRF analysis of the major elements (Si, Al, Na, Mg, Ca, K, P, Mn, Fe, 
Ti), the samples are prepared with the fusion bead method using an automatic beader — 
LENeo Claisse —. This eliminates heterogeneity due to grain size and matrix effects 
(secondary excitation of the lightest elements) since the samples are diluted.

Table 4 (dust on filters extracted by ethanol ultrasonic bath) and Table 5 (dust in the vacuum 
bags) depict the weight percentage of the elements obtained by summing all the elemental 
masses converted into their most common oxides. The presented results are the mean values 
for three repetitions and their standard deviation. Table 4 presert; the analysis on five filters 
from one milling trial while in table 5 the dust particles collected i va _,uum bag for two 
different trials are examined.
The results show that calcium and silicon are in prevalent quantities in the dust samples along 
with some elements in small amount such as aluminum and sodium. The preponderance of 
calcium (about 70 %) and silica (about 18 % to z7 %, on the HVS filters and in the vacuum 
bags is not surprising due to the presence of calcium carbonate and aluminum silicates in the 
concrete cement; furthermore, quartz (SiÜ2) is the main mineral in sand and gravels to some 
extent. Nevertheless, the evaluation of their quantitative portions in the dust mass is valuable 
since it is not obtainable from the coi'rete fabrication specifications.

Table 4 - Elemental ratios chara +eiisac of dust from the HVS-TSP filters

Filter 1 Filter 2 Filter 3 Filter 4 Filter 5
Weight
(%) o

W eight 
v%) o

Weight
(%) o

Weight
(%) o

Weight
(%) o

Na2O 1.82 0.13 1.55 0.24 1.09 0.16 1.78 0.12 0.73 0.09
MgO 0.19 0.10 0.23 0.03 0.25 0.03 0.20 0.00 0.21 0.06
Al2O3 3.42 0.07 2.86 0.01 2.94 0.03 3.49 0.04 2.62 0.04
SiO2 21.81 0.36 20.82 0.18 18.98 0.12 22.27 0.01 17.91 0.06
P2O5 0.08 0.02 0.07 0.01 0.08 0.02 0.08 0.01 0.07 0.01
K2O 0.85 0.01 0.82 0.01 0.70 0.01 0.86 0.01 0.63 0.00
CaCO3 70.42 1.01 72.25 0.46 74.63 0.65 69.89 0.09 76.53 0.41
TiO2 0.44 0.01 0.39 0.00 0.29 0.00 0.45 0.00 0.24 0.00
MnO 0.03 0.00 0.03 0.00 0.03 0.00 0.03 0.00 0.03 0.00
Fe2O3 0.94 0.01 0.97 0.01 1.00 0.01 0.95 0.00 1.03 0.00
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Table 5 - Elemental ratios characteristic of dust from the vacuum bag filter

Bag 1 
Mean 0

Bag 2 
Mean 0

Na2O 0.10 0.01 0.22 0.01
MgO 0.23 0.04 0.31 0.03
Al2O3 2.49 0.05 2.36 0.06
SiO2 26.92 0.11 27.42 0.13
P2O5 0.08 0.02 0.09 0.01
K2O 0.73 0.00 0.71 0.00
CaCO3 68.41 0.42 67.55 0.38
TiO2 0.10 0.00 0.10 0.00
MnO 0.03 0.00 0.03 0.00
Fe2O3 0.91 0.51 1.21 0.01

The mineralogical composition is determined using a XRD — Panalytical Diffractometer — 
that assesses the crystals structure present in a given sample and which is c'pab1e of 
identifying not only the elemental minerals but also evaluating the prop-rtions of each of their 
mineralogical phase.
XRD indicates the presence of calcium carbonate and silicon oxide in dominant quantity on 
the concrete dust samples from both the filters and the vacuum oags (. ae table 6), which is 
consistent with the XRF analysis. Other minerals in fewer proportions such as calcium 
hydroxide (Portlandite), a byproduct of concrete crment .y^ation, are also present.

Table 6 - Mineralogical ratios characteristic of the dust from the filters and the vacuum bags

Quartz Calcite Portlandite Andradite Apatite Bernalite Rutile
Ca3Fe2O12S Ca5(PO4>(OH,

Mineral SiO2 CaCO3 H2CBO2 i3 Cl, F) FeO3.25H3.5 TiO2

Filter 12.7 79.4 3.3 0.1 - 2.7 0.2

Bag 25 \ 68.9 2.7 - 2.6 - 0.8

A more careful examination of both XRF and XRD analysis suggests a slight enrichment in 
calcium within the dust particles collected on the HVS filters compared to the ones in the 
vacuum bag filters. XRF shows a higher Ca/Si ratio of ~3.7 on the HVS filters against 2.5 in 
the vacuum bag filters XRF. This Ca/Si ratio difference is even exacerbated looking at XRD 
to 6.2 against 2.8, for the dust from the filters and the bags respectively. This latter 
observation can somewhat be related to part of the silica being in an amorphous form, thus not 
detectable by XRD that is only sensitive to crystal structure. The calcium enrichment (or 
silicon depletion) on the dust collected from the HVS filters is qualitatively investigated 
further by scanning electronic microscopy (SEM) image analysis. As shown in figure 10, the
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dust from the filters (left) exhibits particles mainly in form of small aggregates, while the dust 
from the bags (right) reveals the presence of larger fragments along with the aggregate. 
Energy Dispersive X-Ray (EDX) characterizations, integrated to the SEM apparatus, reveal 
higher calcium contents on the aggregate and higher silicon contents on the larger fragments.

The hypothesis that can be put forward to explain the calcium enrichment on the HVS-TSP 
filters may be related to the difference in mineral hardness between calcium carbonate and 
silicon oxide that could promote calcium fragmentation. More specifically, calcium carbonate 
that is at the magnitude of 3 in the Mohs scale of mineral hardness, against 7 for silicon oxide, 
should require less breakup energy from the milling machine.

Figure 10 - SEM image of concrete dust particles scmb^ from the HVS-TSP filters (left) 
and collected from the vacuum bag (right)

In absolute terms, the chemical and mineralogical analysis of particles collected either on the 
HVS-TSP filters or in the vacuum bag "lter points out the presence of calcium, which is a 
major concrete activation product, in dominant quantity in the dust samples collected either 
on the HVS-TSP filters or in the vacuum bag filter. Indeed, calcium has a particular 
radiological concern because of the very long half-life period of 41Ca nuclide, estimated at 
102 000 years. It is prod *ced by the 40Ca (n, y) 41Ca activation reaction from the 40Ca stable 
isotope.
The detailed physical and chemical characterization on the non-radioactive particulate matter 
studied here g’ves L^sic, data needed to make transposition to radiological studies taking into 
account specific activation scenarios of elemental compounds in nuclear concrete.

4 - Conclusions

We carried out experimental study on dust airborne release fraction during concrete milling 
procedures to investigate the level of contamination to which operators could be exposed 
through dismantling in nuclear facilities. The work is relevant for aerosol release associated 
with activated concrete structure exposed to neutron flux rather than surface contamination 
due to absence or damaged coating layers. The milling operation completed on a standard
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non-radioactive concrète slab was accompanied by the production of significant airborne dust 
even though the dust release is mitigated by a vacuum system. The results show that the 
typical size distribution of the aerosol produced during the scarifying operations in this study 
have a mass median aerodynamic diameter equal to 4.3 pm with a geometrical standard 
deviation of 1.7. For this aerosol size distribution, the respirable conventional fraction is 45 % 
and the thoracic conventional fraction is 82 % of the ambient concentration. The 
mineralogical composition of particles is dominated by calcium carbonate which gives long- 
lived activation product. The mean airborne release fraction (ARF) determined from the 
experiments is 4.9*10-4. Moreover, the vacuum system connected to scarifying machine helps 
reduce the aerosol release but does not suppress it entirely. The ARF estimated from the dust 
mass accumulated in the vacuum bag filter would have been around 5*10-1 without the 
vacuum containment device. Hence, during mechanical sanitizing of activated concrete 
structures, the radiological impact of fine dust bearing long-lived calcium nuclide cannât be 
overlooked.
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