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 Radiation effects
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The effects of low doses, <101° neutron/cm? or <1010
Gy gamma, of radiation over periods of less than 50
years do not seem to have a significant effect on
the concrete. Longer-term exposure, over 100 years,
has not been studied.

Wikipedia: ... very high fluxes are necessary to displace a sufficiently high number
of atoms in the crystal lattice of minerals present in concrete before significant
mechanical damage is observed. https://en.wikipedia.org/wiki/Concrete _degradation
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Cemen

titious wasteforms

Five types of Portland cements (ASTM)

BRITISH STANDARD

Cement—

Part 1: Composition, specifications and
conformity criteria for common cements

BS EN
197-1:2000

Cement type Use
| General purpose cement, when there are no extenuating conditions.
[ Aids in providing moderate resistance to sulphate attack
11 When high-early strength is required
IV When a low heat of hydration is desired (in massive structures)
V When high sulphate resistance is required

LAND CEMENT (WEIGHT %)

TYPICAL COMPOSITIONS OF COMMERCIALLY USED PORT-

Cement type

44444
Britsh Standard

- CEMI Portland cement: Constituent Chemical formula TR NV

- CEMII Portland-composite cement;

- CEMIIl  Blastfumace cement: Tricalcium silicate 3Ca0-5i0, (G4S) S0 42 60 26 40

- CEMIV  Pozzolanic cement Dicalcium silicate 2Cu()-Si()2 (C2S) 24 33 13 50 40

- CEMV  Composite cement. Tricalcium aluminate 3Ca0-AlL0; (C4A) [ 5 9 5 4
Tetracalcium aluminoferrite 4Ca0-AlO5-Fe, 05 (C,AF) 8§ 13 8 12 7
Others 7 7 10 1 7

!




Calcium silicates C,;S and C,S
that constitute about 75% of a
Portland cement by weight react
with water to produce two new

compounds: calcium hydroxide—

and a calcium silicate hydrate
called tobermorite gel.

UNT

AMO

[

6Ca0.2Si0, + 6H,0 = 3Ca0.2Si0,.3H,0 +

ACa0.2Si0, + 4H,0 = 3Ca0.2Si0,.3H,0 +

4

AGE  MINUTES DAYS |
Oopraant Setting Hardening
. period : e

TRICALCIUM SILICATE

3Ca(OH),
Heat Liberated = - 114 kJ/mole

DICALCIUM SILICATE

Ca(OH),
Heat Liberated = - 43 kJ/mole




Phase composition of hydrated cements

Phase Description Notation
Crystalline
Ettringite [Ca,Al(OH), AF,
12H2()]2(SO4)3 2H.,0
Monosulphate [Ca,Al(OH), AF

6H,0],(OH), (0.550,)1,

m

Hydrogarnet Ca,Al,(OH),, — C,AH, - C,ASH,
Ca,ALSi(OH),
Portlandite Ca(OH), CH
Amorphous
Calcium silicate Molar ration Ca/Si C-S-H
hydro-gel 1.7+0.1




Development of the internal
structure of hydrated cement
occurs also after the
concrete has set and
continues for months (and
even years) after placement.
OPC will be hydrated by 95-
98% within 12 months.

An Introduction to Nuclear Waste Immobilizaton
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Figure 15.3 Schematic of heat evolution (linked to the rate of hydration) during cement

hydration.

After 12 months a typical Portland cement comprises an aqueous

phase, which is largely confined to filling pores less than 1u in radius
and a paste matrix, which is itself heterogeneous.
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Figure 15.7 SEM image of
9:1 BFS:OPC cement, w:c
0.33 cured at 20°C for 90

days.
Sourc - N .
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Table 15.8 Modified Portland Cements and Their Use in Waste Immobilisation
Type Additive Waste Stream Additive Function
Masonry cement Lime Boric acid Adjusts pH
Portland sodium Sodium silicate Organic liquids Accelerates set,
silicate cement reduces porosity
Portland pozzolanic Reactive silica Sulphate Reacts with Ca(OH),,
220 An Introduction to Nuclear Waste Immobilisatio cement reduces pOl‘OSi l}’
X , o | Portland BES cement Slag Sulphate Reacts with Ca(OH),
Table 15.9 Alternative Cement Systems Under Consideration for Waste Encapsulation . .
Latently hydraulic
Cementitious  Typical Formation Conditions Comments
Material I . d h .
+ ;
CACs Based on clinkers or fused products  CACs are widely available as PO re Water SO 1asS T e mOSt . Im portant
with dicalcium silicate and cgmmcrcial p1'pducls wilh.a long IS th e to be rmo r|te g el (C H S) , Wh IC h IS th e
CaAlL 0, history of use in construction. . .
CSAs (or CSA,  Available commercially or made by~ Has a history of use (~40 years) main cementi ng com ponent Of concrete.
where mixing commercial CAC with as a construction cement. - .
$=S0;) calcium sulphate. Developed in China but now The remalnlng th ree phaSGS are CrySta”Ine

widely available. .
Magnesium Mixture of fine-grained MgO Many variants are known, differing and COrreSpOnd more C|OS€|y tO deﬂned

phosphate (periclase) and a phosphate source,  in pH and solubility. Not fully

cements e.g. phosphoric acid or MKP commercial except for small- StOIChlometry Portlandlte typ|Ca”y
Py pedle pplcation, 2. comprises 20-25% of the fully hydrated

refractory or dental cements.

Geopolymers — Mixture of sodium silicate (hydrate) — Geopolymer-type matrix which is paste’ Where as AFm and AFt

with metakaolin characteristically X-ray

amorphous. phases comprise 5-10% of the paste.




Radiation effects in water

lonizing radiation produces abundant secondary electrons that rapidly slow down
(thermalize) to energies below 7.4 eV, the threshold to produce electronic
transitions in liquid water. Depending on the amount of energy transferred to the
electron, the molecule can undergo: * lonization (threshold in water ~ 13 eV);

« Excitation (threshold in water ~ 7.4 eV); « Thermal transfer. Direct ionization of
water produces a radical ion and a free subexcitation electron (E < 7.4 eV).

H,0O —=, H,0" + e

Energy transfer can produce a water molecule in an excited state.

Hgo Ld} Hzo*

The time scale for the creation of these species is on the order of 10-16s. The three
Initial species begin to diffuse and react with each other or other molecules in the
medium. Some of these reactions produce radicals. Radical refers to an atom or
molecule that contains an unpaired electron. Radicals are highly reactive. Radicals
can be neutral or charged.



The electron is captured by water through dipolar interactions, becoming solvated,
or it can react with H* to form a radical:

e + Hgo —> 6;{},

— +

e +H — H-
The radical ion of water can dissociate to produce a hydroxyl radical and a
hydrogen ion.

H,O-" > H + HO:

The excited water molecule can dissipate excess energy by bond breakage to
produce hydroxyl and hydrogen radicals (it takes ~ 5 eV to break the O-H bond)

H,O* - HO- + H-

Thus, the three initial species H,0*-, H,O*, e react further to produce
chemically reactive species: HO-, H-, and e,, . These radicals are much more
reactive than HO or H* from ionic dissociation.



After ~10-12 s the chemically reactive species are still located in the vicinity of the
original H2O", H°O-*and e species where they formed. As the diffusion proceeds
species may come close enough together to react with each other. A variety of
reactions are possible in the track of the charged patrticle.

HO- + HO- —» H,0,

_ Specie | D, R (A

HO- + H- - H20 OH 2 2.4
- - 5 2.1
H+ + €Hq - H- Cag
H;0" 8 0.30
e;q + €;q +2H,0 - H,+20H H 8 0.42

e;q + H- + H20 —> H2—|— OH
H- -+ H — H,

Most of these reactions remove chemically reactive species from the system. With
time (by ~ 106 s) all of the reactive species have diffused sufficiently far that further

reactions are unlikely.
10



Radiation chemical yield is characterised by the G-value: the number
of a particular species produced per 100 ev of energy loss.

TABLE 13.4. G Values (Number per 100 eV) for Various Species at 10~7 s for
Protons of Several Fnergies and for Alpha Particles of the Same Velocities

. Protons (MeV) . Alpha Particles (MeV)

Species |

Type 1 2 5 10 4 8 20 40
OH 1.05 1.44 2.00 2.49 0.35 0.66 1.15 1.54
H,0* 3.53 3.70 390 @ 4.11 3.29 3.41 3.55  3.70
€24 0.19 040 0.83 1.19 0.02 0.08 0.25 0.46
H 1.37 1.53 1.66 1.81 0.79 1.03 1.33 1.57
H, 1.22 1.13 1.02 0.93 141 1.32 1.19 1.10
H,0, 1.48 1.37 1.27 1.18 1.64 1.54 1.41 ~  1.33

Fe " 8.69 9.97 12,01 13.86 6.07 7.06 872 1031

11



Radiation effects in cements
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Abstract

Basic mechanisms controlling the radiolysis in cementitious matrices are reviewed in the specific context of the gammn
closed system without upper vapour space, at 25 °C, with a pore solution representative of a Portland cement paste. A g
data corresponding to each phenomenological area is given, particularly with a list of reactions for alkaline mediu
description of equilibria related to calcium hydroxide. Simulations as a function of dose rate, liquid saturation in the p
amount of H» are carried out with the CHEMSIMUL code. They show the existence of several ways in the radiolysis re
ing calcium peroxide octahydrate precipitation, a law of mass action through the bulk general system, or the particular
Allen’s type chain reaction. This latter seems faster in alkaline medium (pH > 13) where radicals H and OH" are, respe
by e,, and O"". Excepted when a strong reducing agent is initially present, O, is normally produced by radiolysis and C
not be responsible of its disappearance. 14



Table 1
Calculated molal concentrations of species in a simplified pore solution of OPC at 25 °C (mol/k gy aper)

Cations Molecules Anions

HiO =802 % 10" [H0] = 55,5084 [OH )= 2250x 107"
[Na‘]=2229% 10" [NaOH®) = 1.705 x 10>

[CaOH*) = 6.837 % 1074 [Ca(OH)J| = 1.038 x 1073

[Ca™]= 6902 x 10

Pore solution

Table 2
Mineralogical and complexation equilibria wsed in the calculation of the pore solution at 25 *C
Species Equilibrium constant Value Ref.
- 2 139953
Solvent HyO K, — [H30+|[0H'| -ﬁ . |H=0|1I-H§=0p;dm,|) 10 [3]
Portlandite CalOH), Kpon = [Ca™|[OH P2 3 - 43 1054 This work
. “aliEH 16 -
Complex CaOH" K :@rﬁh 16 -
Complex Ca(OH)? K= Eﬁ%%ﬁl— 10582 :
0 - HaliH" 024096
Complex NaOH K3 = 5 ol 10 OH
31 /
- 25 .
G values g €ay
T
E
2 3
Table 3 =
Set of primary vields for gamma radiation at 25 °C and pH = 13.225 (pore solution) values in molecule/100 eV = 15
z L
Gy, Ge;q (iy Gow- G_no' Gy Goy G0, (o, -
=
04126 113 055 0 9.7191 17813 29651 0.5957 0 g 14 H,0,
G0 = 0 oer + 2Gi.00 = Gy = G yier = 26, due to the convention e~ =H;0° = >~
-H:0 —water T EYIL0 HOy —water T Mg, 1 A _-_-_-_-_‘_‘-""“*-—-.._
0.5 1 Va
H,
D T T T T T T

pH

Fig. 1. Evolution of gamma primary yields for the main radiolytic species
at 23 *C as a function of pH.
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Table 4
Acido-basic equilibria and rate constants used for radiolytic chemistry within the cement pore solution with ionic strength /= 0.2257 mol/kg and water
activity =0.9917

No.  Reactions Pre-exponential factor A Activation energy EA (kJ/mol) Jos-c (dm'mol™'s™") pK, 25°C  Reference
B0l e +H,0=H+OH +H0 36x10° 317 1006 107 9,772 [12]
E02 H+OH =¢, 1.3% 10 38.4 251% 107 [13]
E03 O +H,0=0H+0H" 1815 10° 11.9
E4 OH+O0H =0 +H,0 7209 + 1.62E8T+ 24E6T> - 781E3T° + 1.0GEIT* 1.265% 10'° [14]
E05  02-]+H,0=HO,+ 0H" 1442 107" 48
EO6 HO,+O0H =02-]+H,0  7.22E9+ [62EST + 24E6T — T81E3T" + [.OGEIT™ 1.265x 10" [14]
E07 H,0+H,0=0H +H0" 6461107 13,9953
E08 OH +H;0"=2H0 6.62E10+ 148E9T + 1.8E7T? - 6.03E4T° + 1.28E2T™ 1103 % 10" [14]
E09 0" +H.0=20H 10" 36
El0 OH +0H =0 +H,0  Unavailable data 1.005x 107" Estimation
Ell  HO; +H,0=H,0,+0H" 4718 10° 11,684
El2 H,0,+0H =HO; +H,0  1.063x10" 18.8 5407 10° [15]
EI3 07 +H,0=HO; +OH 3.39x10° 14.2 L103x 10° 16.5 [15]
El4 HO; +OH =07 +H,0 seciel [0 IR O 3506 10°
* Theoretic equilibrium, not realized. OH 5 54
? Kinetics non defined by Arrhenius law. . 5 51
H,O* 8 0.30
H 8 0.42 16




2.5E+5 D,'=0.2 Gy/s

D,'=0.1 Gyls
2.0F+5- ' .
- T D," =04 Gyls
W
= L5E+5-
&
Z 1.0E+5
=T}
= 50E+4-
0.0E+0 T T T T T T T 1
0 50 100 150 200 250 300 130 400

time (d)

Fig. 8. Comparison of total gas pressures as a function of time in a confined cement matrix under gamma radiation at different dose rates for a liquid
saturation degree of (0.75.

In conclusion, cementitious matrix exposed to gamma
irradiation in closed system presents different regulating
mechanisms able to limit radiolysis effects, or even to make
this latter nondangerous (no important pressurization in
the material). This behaviour cannot be extrapolated to
open systems or alpha irradiation.
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Article history: Experiments with real and simulated radioactive cementitious wasteforms were set up to compare the
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and laboratory test conditions. Experiments revealed that the average annual *’Cs leach rate in deionised
water was about thirty-five times greater compared with the measured average value for the 1st year
of the field test. Cumulative leached fraction of *’Cs for 1st year (3.74%) was close to values reported
in literature for similar laboratory experiments in deionised water, however more than two orders of
Keywords: magnitude higher than the 1st year leached fracFiun of %7 l;s in thfa FE]:!DSil’O[‘}' test (0.01%). Therefore, to
Waste immobilisation compare field and laboratory test results, a scaling factor is required in order to account for surface to
Cement volume factor difference, multiplied by a temperature factor and a leach rate decrease coefficient related
Leaching to the ground water composition. 18




Table 2
Radionuclide composition (in MBg/L) of radicactive waste.

o) ‘|
Journal of Hazardous Materials P‘g
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ching tests of cemented radioactive wastes

1375 (g H(g Bapy a5y T (9P

Golubens?, 04 N Burbikal

THNSr+ 0P LBt

41 085 0053 50x 107 15107 67

40 30x 107

1 ¥ stands for the sum of.
b Radionuclides given in brackets show the source radionuclides used for calibration,

Table 3
Characterization of wasteform samples used for long-term field bests.

Sample Weight (kg) Contact surface (cm®! Waste loading (wi %) Density (g/cm?

fuor{ ™5 +%°Y) (MBykg) a(Pu) (Bg/kg)

K-28 4y 5430 75 15

210 n.m.

4 Total weight of three cylindrical samples | & = k=24 om).

80.0
Fig.1. Cementitious wasteforms after 12 years dwell inanear-surfacetesting repos- 60.0
itory.
2.9, 50Co irradiation tests 3
« 40.0

An additional factor which could affect leach rates from large-
scale cement blocks is self-irradiation of samples due to natural
decay of waste radionuclides [10,32). The effects of irradiation were 20.0
studied using non-radioactive cementitious wasteform samples
after a hardening period of 1 year. Irradiation facility RHM-Gamma-
20 was used with %Co sources. Cumulative dose used was 10°

Gy for all samples irradiated which is expected to be not higher 0.0 l - -
than the waste lifetime absorbed radiation dose. Dose rate applied 0 40 80 120
was not inducing a significant temperature rise in the sample and i

the radiolysis hydrogen production rate was enough low and did Time, day

not cause any damage of samples able to result in experimental ——L -Na# ——M - Na+
artefacts. ~o—L -NO3- ~—M-NO3-

Fig. 5. Cumulative leached fractions of Na* and NO3~ measured in the laboratory
leach test of non-radioactive cementitious wasteform samples subjected (L) and not

subjected (M) to ®*Co gamma irradiation, The cumulative dose was 10° Gy.
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Gamma irradiation resistance of an early age slag-blended cement
matrix for nuclear waste encapsulation

Neda Mobasher, Susan A. Bernal, and Hajime Kinoshita
Deparmment of Materials Science & Engineering, Immobilisation Science Laboratory, The University of Sheffield,
Sheffield S1 3JD, UK

Clint A. Sharrad
Research Centre for Radwaste and Decommissioning, Dalton Nuclear Institute, The University of Manchester,
Manchester M13 9PL, UK

John L. Provis”
Deparmment of Materials Science & Engineering, Immobilisation Science Laboratory, The University of Sheffield,
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» The crystalline phases were able to withstand the ettt - —Heated —— conro "
dose rate and total degree of gamma irradiation
tested in the present study (4.77 MGy), without
notable modifications.

« The Si and Al environments in the C-S—H type gel
and secondary hydrate phases retained stability
upon irradiation.

» Irradiation-induced carbonation, previously
reported for PC-based systems, was not identified
in the specimens.

» The reduced amount of Ca(OH), in the system,
owing to the small amount of PC used, appears to
have minimized the formation of calcium peroxide
octahydrate, which is an important intermediate in -

Temperature (°C)

the radia‘[ion_induced Carbonation process_ FIG. 4. Thermogras (A) and differental fermograms (B) (msss loss dowawsrds) of the cortral, hesied, snd imadiated BFSPC ssumples,

Residual Mass (4]

Derivative mass (%y/°C)

J. Mater. Res., Vol. 30, No. 9, May 14, 2015
http://journals cambridge org Downloaded: 14 Aug 2015 20
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FIG. 5. Optical micrographs of (T) irradiated, (H) heated, and (C) control samples, and corresponding thresholded images
regions,

igth (MPa)
s = ] M
o w o wu

(¥l

uI I I

Control Heated Irradiated

6. Compressive strength of BFS:PC pastes. Emror bars show one
lard deviation of three measurements.

This result demonstrates that the replacement of PC
by BFS can modify the performance of the cement
matrix under irradiation exposure. Gamma radiation
caused a reduction in the content of physically bonded
water within the binder, resulting in microcracking.
Although exposure to 50 °C also caused a comparable
level of water reduction in the grout, microcracks were
not observed in that sample, which elucidates that the
elevated temperature in the radiation chamber is not the
main cause of the microcracks. The dehydration mech-
anisms in these two environments appear to be different,
resulting in the different microstructures. Gamma irra-
diation also increased the compressive strength of the
cement despite the increased porosity and microcracks|
which may be due to enhancements in curing and/or the

densification of the material.
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Conclusions on cements

Radiation durability of cements is high, at least 1 MGy by typical wasteform
requirements. Cementitious matrix exposed to gamma irradiation in closed
system presents different regulating mechanisms able to limit radiolysis effects
with no important pressurization in the material.

The slag cement-based grout withstands a gamma irradiation dose of 4.77 MGy
over 256 h without reduction in its compressive strength.

No significant differences can be seen in the leaching behaviour of irradiated
samples and the leaching rates at the late stage are essentially the same for both
irradiated and non irradiated samples.
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Bitumen

e Bituminous wasteforms
 Radiation effects

modification undergone by the organic matter during radiolysis has
often been compared to the geochemical consequences of thermal
‘ ‘ maturation. It has even been suggested that radiolytic degradation of
NS 1 sedimentary organic matter could be responsible for the genesis of
oil d; the Permian basin of Lodéve, France (Capus 1979).
o The characteristics of a radiolysed biteinen resemble those of
SEame G AlaE B s pyrobitumens and, sometimes, an intense carbonification can be
observed around radioactive minerals. Various geochemical

parameters can reflect the effects of radiolysis. For example, bi a

uranium (%) versus 13¢ NMR aromaticity factor diagram (Fig. 3), the
mineralized Cluff bitumens plot along a straight line, thus showing the
increase of the percentage of aromatic carbons with increasing
uranium content. Similar correlations can be obtained for bitumens
from various ore deposits using H/C and Rock-Eval T,,5,. However,

it must be pointed out that the effects of radiolysis are generally
restricted to some tens of microns around the uranium-bearing
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Bituminous wasteforms

Bituminisation of radioactive waste is used for more than 50 years the total
volume of radioactive waste immobilised by bitumen exceeding 200,000 m3.

Retention properties of bitumen are better than that of cements.

Tnmobilisation of radioactive waste 1n bitumen.

Bitmninisation plant, comtry Reported  Amount of immebilis ed waste
operation
period

Marcule, CEA (France) 1966-98 60,000 diums

STE 3, LaHague, COGEMA (France) 1989-98 10,000 drums {151,000 m” of
waste)

«Munmny», Belgoprocess, (Belgium) 198898 500001 of waste

Dukovany NFP, Czech Republic 197897 2,800 01’ of compound 4

Riso RNL, (Denmark) 197009 160 t of conpound

INC, Tokm Works (Tapan) 198297 30,000 drums (7,500 0’ of
waste)

PS-44, NPF JTaslovske Bohowmnice
(Slovala)

199598

957 drums (508 nr’ of waste)

LUWA, NPP Timava (Slovakia)

1995.98

117 m’ salt concentrate

NFPP <<Sa11i W (USA)

199192

623 1113 salt concentrate

LUWA 210, Barseback (Sweden) 197583 3,500 drums (960 m® compound)
Forsmaik NPP, (Sweden) to 1985 2,000 dioms (2201113 compound)
Asea-Atom, Olkiluoto, (Finland) 197984 2.000 droms (3!‘.7'01113 compound)

RB-1000, Ignalina NPP (Litlhuania)

198798

9,719’ (15,390 n* of liquid

waste)
UBD-200, SIA “Radon” (Russia) 1977-78 200 o’ of waste
URB-8, SIA “Radon” (Russia) 197388 500 ' /year
RB-800, Kalmin NPP (Russia) 198008 1,160 nr’ (467t of salts) Bizumenization plant for vadioactive waste from NPP Dukovany.
TB-16, LSK “Radon” (Russia) 197808 1,500 m’ (3,000 nr of waste)
RB-1000-14, Leningrad NPP (Russia) 198486 1,650 o’ of compound

(3.000 0’ of waste)
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Advantages of a bitumen matrix are:
*Water insolubility;
Low diffusion of water;
*Chemical inertness;
Plasticity and good rheological properties;
Slow ageing rates;
*High incorporation capacity enabling high waste
loadings;
*Readily available and low cost.

Conparative features of cement and bitumen 1mmobihising matnces.

Property Cement Bitunen

Compressive strength Excellent at correct formmlations Poor to moderate

Waste loading 10 to 25 wt.% for ton-exchangers 25 to 50 wt.% for 100~
exchangers

Resistance to Stable Moderate

biodegradation

Thermal stability Good Poor, can melt and igiute

Resistance to leacling Poar to excellent Excellent

Radiation durablity Excellent Moderate

(Gas ceneration Low Moderate

Good, worse for
solvents and odls

Good to most matenals, worse for
borie aad, chelating agents

Chenmcal compatibility

Disadvantages:

Combustible material,
although not easily
flammable

L_ower stability against
radiation than cement;
*Reacting with oxidizing
materials such as sodium
nitrate.
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Core samples from the natural Oklo
Reactor have inclusion containing
bitumen, that depressed the oxidative
dissolution of the uraninite cores.

Oklo Time Scales

5000

4500 w0 * Formation of Solar
Ti 4000 A “'” System 15 natural nuclear reactors operated

< 4 e for several millions years.

(millions -~ .
of 3000 +— Mobilization of U
years) 95 <= (redbody formation (e —
0 . | \ . 30Ha AASPHON =
2000 «— (perating period > N X /| reactorsbnes

reactor zones

1500 _ =
\

Time over which

1000 L o
il \ \l \ .A--"'“-«_ e ———
- RA waste can move -
- \ . R
"'Il"'”"'l \'\ .‘\l \ MecHanuvk / Sandstone
e
e -
\ \
\ "\ \ FpanuT [/ Granite




Table I. Fractional compositions and standard physical properties of the bitumen BN-IV.

Bitumen fractions, wt % Bitumen properties

Oils (aliphatic hydrocarbons) |50.0 Depth of the hardening zone at 25°C, mm 21-40
Resins 11.0 Softening temperature, °C 70
Asphaltenes 39.0 Flash temperature (in an open crucible), °C 230

Average salts content in the end product was calculated to be 31 wt.%. Specific radioactivity
of the waste material was estimated to be 3.3-10° Bq/kg for B, and 3.9- 10° Bq/kg for O,

Bituminous materials consist of Hydrocarbons: (1) Asphaltenes, (2) Resins, and (3)
Oils (aliphatic hydrocarbons).

Table IX. Radiometric and y-spectrometric analyses of bitumen fractions
isolated from the bitumen phase affer salts extraction, Bg/kg

Crude oil Sections Bl SI+Y) PCs e "Co
Vertical 0.6010° 0.9010° | 3.8010° | 4.1e10°
Asphaltenes 1.6010° 1.5010° 6.8010° | 5.5010°
Saturated hydrocarbons 2.0010° 2.2010° n.d.* n.d.
Aromatic hydrocarbons 6.4010’ 8.3010° n.d. n.d.
Upper 0.6010° 1.0010° 3.8010° | 2.9¢10°
l l l Asphaltenes 0.84¢10° 142010° [ 4.7010° | 5.5010°
Saturated hydrocarbons frace n.d. n.d. n.d.
Saturates Resins Asphaltenes ﬁﬂ:ﬁ?c hydrocarbons 1.111.:11.0& 3.1_:_1;(11'0& \1::110 5?':1'05
(0-20%) Asphaltenes 0.84010° 1.40010° | 4.5010° [ 7.710°
- Saturated hydrocarbons frace n.d. n.d. n.d.
S A R A Aromatic hydrocarbons 6.5010° 1.2010° n.d. n.d.
Lower 0.7010° 1.6010° 6.8010° | 6.3e10°
Asphaltenes 0.76010° 1.50010° | 4.3010° | 5.0e10°
- : : . o= Saturated hydrocarbons frace n.d. n.d. n.d.
nonpolar molecular weight, polarity & aromaticity Aromatic hydrocatbons So015° B0 o T

Heavy-weight fractions of bitumen, e.g. asphaltenes impart viscoelastic properties
to bitumen at ambient temperatures (10-40°C). Light-weight fractions, e.g. oils act
as a carrier for the asphaltenes and resins.



Radiation effects in bitumen

TABLE XXIII. GAS COMPOSITION AND PRODUCTION RATE (mL*g'l*IEG}"l FOR GAMMA IRRADIATION OF
BITUMINIZED WASTE) [13]

Ref. [111] Ref. [108] Ref. [110] Ref. [109] Ref. [29]
Irrad. atm. 0, 0, Ar Ar 0, 0, Air Ar Air Ar Air
Dose (Gy) 6.2 x 10° 3.1x 106 5x10° 26x105 2x10° 2x 107 108 108 108 106 108
H, 3.0 x 10 3.9 x 10 1.5x 10* 22x10* 9x10° 9x10° 1x10? 1.1x10? 5x10* 5x 10* 3.3 x 107
co 13 x 10 3.5 x 10 2.1 x 10 1.8 x 105 6.5 x 10 1.5 x 10 — — — - -
co, - 2.6 x 107 3.0 x 10 1.1 x10°% 67x10% 5x10° 8x 107 - - - — -
CH, <10® 106 52 x 10 7.5 x 105 2.5 x 10° 2.5 x 106 1.4 x 105 49 x 10° 1x10° 4x10° 4 x 107
C,;-Cs <10¢  5x10% 1x10°% 22x10° 107 14 %107 49 %105 1x10% 4x10° 4x10®
hydrocarbons
O, consumed 4.4 x 103 44 x 107 1 x 10° 1x10° — - — — -

Radiation durability of BWP is > 0.5 to 2 MGy above which significant (>3%) swelling

occurs. Hydrogen is the main radiolysis product.

The G-values for radiolytic hydrogen production are from 0.2 to 0.4 (compare it with
Goy = 2.8 of water exposed to gamma radiation).
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Cumutative fraction leached (pm)

Swelling (%)

Currulative fraction leached (pm)

0 1 - ] J
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FIG. 15. Cumulative "*’Cs fraction leached from RWF7, unirradiated (a), and irradiated to
1 MGy (b) and 10 MGy (c) (RWF7: reprocessing waste concentrate incorporated into blown
bitumen R85/40) {110]. The curves are for:
model. The data (®, 0) are for duplicate models. 2

, diffusion + sorption model; ——, diffusion

20

] - ) 1 | |

0.1 0.2 0.3 0.4 0.5
Dose (MGy)

TG. 14. Campanmofexpemmajdaﬁnmmlﬂugmkenmrmym (%) with model
redictions (curve) for a full size drum containing bituminized reprocessing waste sludges from

a Hague: 11.5 TBq (312 Ci), B-y; 30 GBq (0.8 Gi), «; product viscosity, I MPa s; gas
roduction, 0.6 L-kg™-MGy~' [25].

Leaching behaviour of BWP is little affected
by irradiation.
In general releases are controlled by diffusion.
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Bituminised waste products
(BWP) leaching behaviour
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Fig.2. The leached radioactivity fraction of a block of bituminized radioactive waste (fj).



Percolation effects in bituminised waste products (BWP)
leaching behaviour with waste loading

A’x
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Threshold loading
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Scanning electronic microscope view of a synthetic bitumunized waste reveals the

presence of large (20-50 pm) NaNOj crystals and small (~1 pm) BaSOy4 crystals. '

Essentially all radioactivity of the bitumen is associated with the asphaltene
fraction. Aging of the bitumen wasteform leads to an increase in asphaltene fraction
content and hardening of the bitumen matrix.
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Conclusions on bitumen

Parameter Value
Chemical durability (leaching rate Cs-137), g/cm? day, less than 1103
Stability to swelling (volume increase after 90-day immersion in water), %, less than 3
Content of free water:

For salt concentrates, %, less than: 1
For ion-exchange resins, % 3.5
Thermal durability:

Flash point, °C, not below 200
Ignition temperature, °C, not below 250
Self-ignition temperature, °C, not below: 400
Radiation durability, increase of volume after 106 Gy, vol% not above 3

Biological stability

Absence of fungus

« Radiation durability of BWP is not high and is typically about 1 MGy.
The main effects of irradiation are radiolysis gas releases which finally cause
swelling of wasteform, and ageing effects which gradually lead to bitumen

hardening.
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