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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  

The effects of low doses, <1010 neutron/cm2 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. 
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Five types of Portland cements (ASTM)  

Cement type Use 

I General purpose cement, when there are no extenuating conditions. 

II Aids in providing moderate resistance to sulphate attack 

III 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 

Cementitious wasteforms 



4 

Calcium silicates C3S and C2S 

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.  
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Phase composition of hydrated cements  

Phase Description Notation 

Crystalline 

Ettringite [Ca3Al(OH)6 

12H2O]2(SO4)3 2H2O 

AFt 

Monosulphate [Ca2Al(OH)6 

6H2O]2(OH), (0.5SO4)]2 

AFm 

Hydrogarnet Ca3Al2(OH)12 – 

Ca3Al2Si(OH)8 

C3AH6 – C3ASH4 

Portlandite Ca(OH)2 CH 

Amorphous 

Calcium silicate 

hydro-gel 

Molar ration Ca/Si  

1.7  0.1 

C-S-H 
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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.  

After 12 months a typical Portland cement comprises an aqueous 

phase, which is largely confined to filling pores less than 1 in radius 

and a paste matrix, which is itself heterogeneous.  
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Pore Water + Solids: The most important 

is the tobermorite gel (CHS), which is the 

main cementing component of concrete. 

The remaining three phases are crystalline 

and correspond more closely to defined 

stoichiometry. Portlandite typically 

comprises 20-25% of the fully hydrated 

paste, whereas AFm and AFt 

phases comprise 5-10% of the paste. 
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Radiation effects in water 
Ionizing 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: • Ionization (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).  

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

The time scale for the creation of these species is on the order of 10-16 s. 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.  
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The electron is captured by water through dipolar interactions, becoming solvated, 

or it can react with H+ to form a radical:   

The radical ion of water can dissociate to produce a hydroxyl radical and a 

hydrogen ion.  

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)  

Thus, the three initial species H2O
+∙, H2O*, e¯  react further to produce 

chemically reactive species: HO∙, H∙, and eaq¯. These radicals are much more 

reactive than HO¯ or H+ from ionic dissociation.     
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After ~10-12 s the chemically reactive species are still located in the vicinity of the 

original H2O*, H2O·+ 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 particle.  

Most of these reactions remove chemically reactive species from the system. With 

time (by ~ 10-6 s) all of the reactive species have diffused sufficiently far that further 

reactions are unlikely.  

Specie D,  

(10-5 cm2 s-1) 

R (Å) 

OH 2 2.4 

eaq¯ 5 2.1 

H3O
+ 8 0.30 

H 8 0.42 
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Radiation chemical yield is characterised by the G-value: the number 

of a particular species produced per 100 ev of energy loss.   



2001 
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Radiation effects in cements 
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Pore solution 

G values  
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Specie D,  

(10-5 cm2 s-1) 

R (Å) 

OH 2 2.4 

eaq¯ 5 2.1 

H3O
+ 8 0.30 

H 8 0.42 
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• The crystalline phases were able to withstand the 

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)2 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 

the radiation-induced carbonation process. 
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Conclusions on cements 
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• 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 
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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. 

Bituminous wasteforms  
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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. 

Disadvantages:  

 

•Combustible material, 

although not easily 

flammable 

•Lower stability against 

radiation than cement;  

•Reacting with oxidizing 

materials such as sodium 

nitrate.  
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15 natural nuclear reactors operated 

for several millions years.  

Core samples from the natural Oklo 

Reactor have inclusion containing 

bitumen, that depressed the oxidative 

dissolution of the uraninite cores.  
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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.  

Bituminous materials consist of Hydrocarbons: (1) Asphaltenes, (2) Resins, and (3) 

Oils (aliphatic hydrocarbons). 
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Radiation effects in bitumen 

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 

GOH = 2.8 of water exposed to gamma radiation).    
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Leaching behaviour of BWP is little affected 

by irradiation. 

In general releases are controlled by diffusion.   
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Cumulative leached fraction 

CLF  = Aleached/Ainitial 

Bituminised waste products 

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

leaching behaviour with waste loading   

irradiation 
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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 
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Parameter  Value 

Chemical durability (leaching rate Cs-137), g/cm2 day, less than 1 10-3 

Stability to swelling (volume increase after 90-day immersion in water), %, less than 3 

Content of free water:  

For salt concentrates, %, less than: 

For ion-exchange resins, % 

  

1 

3 - 5 

Thermal durability: 

Flash point, оС, not below 

Ignition temperature, оС, not below 

Self-ignition temperature, оС, not below: 

  

200 

250 

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.  



Thank you! 


