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Abstract 

The mechanical and structural characterization of the radioactive waste conditioning matrix is very important during the final 
disposal stage in the radioactive waste management cycle. The conditioning products should be a monolith with acceptable 
mechanical, chemical and physical properties that are maintained over an appropriate time such that the release of 
radioactivity from the waste form in the environment is minimized. The aim of this work is the XRD application for the 
phase identification of matrix that simulates the conditioned radioactive waste and the correlation with mechanical 
performance. The selected matrices for the study are normal cement with iron precipitates (hydroxide and phosphate), 
mineral additives (bentonite and volcanic tuff) and complexing agents (tartaric, citric and oxalic acids). The results obtained 
by this analysis give information about the chemical reactions between the radioactive precipitates and the hydrates, 
hydrolysis products of the cement. 

1. INTRODUCTION 

Liquid radioactive wastes are generated in a variety of physical and chemical forms and after the 
treatment must be immobilized in a form that is physically and chemically stable; the most known 
method being the cementation in hydraulic Portland cement. In the case of cementation, the chemical 
nature and proportion of the precipitation products affect both the hydrolysis of the initial cement 
components and the reactions of metastable hydration constituents as well as the mechanical strength 
and the chemical resistance of the hardened cement system.  

Solidification of radioactive wastes with hydraulic cement either with or without admixtures has been 
practiced for many years. Water from the waste reacts chemically with the cement to form hydrated 
silicate and aluminium compounds, which normally contribute towards the setting and hardening of 
the cement mixture. However, the wastes produced by nuclear activities (applications, 
decommissioning, etc.) are very diverse and under certain circumstances affect the rate of hydration on 
cement and/or reduce the quality of product. The waste form must have properties that provide 
integrity during handling, storage, transportation and disposal and the long term stability of the waste 
form in disposal environments. [1] 

The product of immobilization process should be a monolith with acceptable mechanical, chemical 
and physical properties that are maintained over an appropriate time such that the release of 
radioactivity from the waste form in the environment is minimized [1]. 

One of the most relevant mechanical properties applicable to cement based material is its compressive 
strength. High compressive strength corresponds to superior long term chemical stability of the waste 
form. The compressive strength is often used to evaluate the degradation that a sample undergoes after 
exposure to environmental condition such as water immersion or freeze-thaw cycling. [2] 
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The former technology used from 1975 to 2000 for the treatment of low level aqueous radioactive 
waste in the Radioactive Waste Treatment Plant – Magurele Romania was based on a multiple 
precipitation of iron hydroxide and calcium phosphate formation. The conditioning method used 
embedding of waste in ordinary Portland cement [3].  

To obtain the experimental data necessary for the initial waste, waste form and package 
characterization together with the backfilling material behaviour in the repository environment a 
medium time programme (1992-2010) was implemented. The results (partially published) are a part of 
the data basis necessary for medium and long term assessment of the safety and performance for final 
packages disposed in Radioactive Waste National Repository Baita-Bihor. 

The programme provides a deeper knowledge of species and mechanism, structure, proprieties and 
performances of the processes and behaviour of the products: 

- study of iron precipitates obtained during LLAW treatment; [4-9] 
- cementation of sludge chemical components; [10-12] 
- influence of natural additives (bentonite and volcanic tuff); [13] 
- influence of complexing agents (oxalic, citrus, tartaric acid); [14] 
- durability of cemented waste in repository and under simulated conditions. [15] 

For safety reasons the behaviour of waste packages, which are the main barriers, must be properly 
studied in terms of long term durability in real repository conditions. To prove the durability of 
cemented forms, an experimental programme started in 1997 to establish the time alteration of 
mechanical and physic-chemical properties of different simulated matrices in laboratory and 
Radioactive Waste National Repository Baita-Bihor disposal conditions.  

2. RESEARCH METHODOLOGY 

Taking in consideration the fact that the conditioning technology of radioactive wastes includes the 
sludge resulted from the chemical treatment of radioactive liquid effluents into cement matrix, is 
possible, during a long period of disposal because of the interaction between the complexing agents 
used and the matter, the cement matrix to be degraded, fact that can allow the radionuclide migration 
from the disposed container.  

Radioactive effluents containing complexing agents as oxalic and citric acids are generated during the 
radioactive decontamination operation using chemical methods. The conditioning of these wastes by 
cementing process imposed the experimental determination of the mechanical performances of the 
matrix and the upper permissible level of complexing agent concentration. 

The selected matrices proposed for the study are normal cement and concrete compositions with and 
without mineral additives (bentonite and volcanic tuff) as reference samples, the conditioned matrices 
prepared with sludge non-active components (iron hydroxides and phosphate, calcium phosphate and 
copper ferrocyanide) and non-active matrices prepared with organic acids and salts (oxalic , citric, 
tartaric). 

After the preparation the samples were kept under normal conditions of temperature (20ºC  1ºC) and 
humidity (60%) for 28 days, by the same period for the cement paste hardening. 

All samples were positioned in five points (from 1 to 5) of Baita-Bihor repository (Fig. 1) and kept 1, 
3, 5, 7 and 10 years before mechanical and structural characterization. The humidity and temperature 
for these five points are 10 1ºC and 85-90%.  

The presumed modifications of mechanical and physico-chemical properties are correlated with a non-
destructive analysis of the matrix performed by XRD.Results on samples stored in real conditions 
were compared with those obtained on samples kept in laboratory conditions. 
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3. DESCRIPTION OF THE EXPERIMENTAL TECHNIQUES AND EQUIPMENT  

To study the influence of precipitation resulting from treatment of liquid radioactive waste were 
prepared following types of samples (20 x 20 x 20 mm): 

- Portland cement + iron hydroxide precipitate with cement / precipitate 1:0.5 
- Portland cement + iron phosphate precipitate with cement / precipitate 1:0.5 

To study the influence of mineral additive on the cement matrix were prepared a series of samples 
(20x20x20 mm) containing Portland cement and bentonite or volcanic tuff in different ratios. 

To determine the influence of complexing agents on the performances of cement conditioning matrix 
were prepared cubic samples ( 20 x 20 x 20 mm ) using commercial Portland cement and solution of 
organic complexing acids ( citric acid, oxalic acid, tartaric acid) 

The complexant concentration varied between 0, 25% (for tartaric and citric acid) and 1%, (for oxalic 
acid) in distilled and drinking water. The selected cement / water ratio was 0, 5. 

Structural characterization of samples was performed with a Schimadzu x-ray diffractometer and a 
Bruker D8 Advance diffractometer, using Ni-filtered Cu-K radiation (λ=1.5418 Ǻ), for diffraction 
angles 2 theta ranged between 5 and 65˚. Calculating interplanar distance “d” parameters for all 
diffraction maxima which appears in the polycrystalline mixture spectrum and comparing with “d” 
values from American Society for Testing Materials (ASTM) cards can be obtained a qualitative 
analysis for crystalline phases. For each phase there is a certain minimal proportion of it in a mixture 
in order to be identified. This minimal proportion depends on the particular phase nature and also on 
the other present phase nature. At the same time with the growth of the phase content in mixture, the 
intensity of specific lines increases. 

The compression tests, performed on five samples, were done in a construction material laboratory 
using a digital press machine type MATEST, with loading rates 1.2 MPa/s. 

4. DISCUSSION OF RESEARCH RESULTS  

Works executed under this project consisted of: 

- microstructural characterization by XRD and compressive strength tests of the reference 
matrix (cement paste), samples of cement with mineral additives (volcanic tuff, bentonite), 
samples of cement with iron compounds (hydroxide and phosphate) and samples of  
cement with complexing agents (citric, tartaric and oxalic acid), after 1, 3, 5, 7 and 10 
years of disposal in real conditions (Baita Bihor Repository) and laboratory conditions; 

- examination of the influence of iron compounds existing in radioactive sludge from the 
treatment process liquid radioactive waste of low activity, of mineral additives used in the 
embedding matrix waste and of complexing agents on the cement matrix. 

4.1. Mechanical characterization 

Following system was tested for compressive strength:  

- cement - tartaric acid 0.25% 
- cement – citric acid 0.25 % 
- cement – oxalic acid 1% 
- cement – volcanic tuff-water (1:0.1:0.5) 
- cement-bentonite-water (1:0.1:0.5) 
- cement - FePO4 
- cement – Fe(OH)3 
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Mechanical tests were the determination of compressive strength on cubes (20x20x20mm). For 
mechanical tests, samples were used without cracks, pores and outer flat faces.  

TABLE 1. RESULTS OF COMPRESSIVE STRENGTH DETERMINATIONS (resistances 
compression) 

No. 
Sample 

Scomp. (N/mm2) 

1 year 3 years 5 years 7 years 10 years 

1 Cement-Water 
laboratory conditions 

28.3 51.3 61.0 64 49,8 

2 Cement-Water 
real conditions, position 1 

39.5 55.3 63.5 69  

3 Cement-Water 
real conditions, position 3 

43.5 59 72 73  

4 Cement-Water 
real conditions, position 5 

37.6 56 62 66.7  

 

No. 
Sample 

Scomp. (N/mm2) 

5 years 7 years 10 years 

1 Cement-Bentonite-Water, 
laboratory conditions 

36.25 36.3 37.1 

2 Cement-Bentonite-Water, 
real conditions, position 2 

36.5 36.5 40.97 

3 Cement-Bentonite-Water, 
real conditions, position 3 

47.08 49 51.86 

4 Cement-Bentonite-Water, 
real conditions, position 5 

43.5 48.8 63.08 

 

No. 
Sample 

Scomp. (N/mm2) 

5 years 10 years 

1 Cement-Oxalic acid 
laboratory conditions 

57.5 85.95 

2 Cement-Oxalic acid 
real conditions, position 1 

67.25 114.62 

3 Cement-Oxalic acid 
real conditions, position 3 

83.13 124.4 

4 Cement-Oxalic acid 
real conditions, position 5 

52.5 81.59 
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No. 
Sample 

Scomp. (N/mm2) 

5 years 10 years 

1 Cement-Citric acid 
laboratory conditions 

67.5 83.36 

2 Cement-Citric acid 
real conditions, position 1 

71.25 74.2 

3 Cement-Citric acid 
real conditions, position 3 

50.75 73.0 

4 Cement-Citric acid 
real conditions, position 5 

63.5 83.57 

 

No. 
Sample 

Scomp. (N/mm2) 

5 years 10 years 

1 Cement-Tartaric acid 
laboratory conditions 

57.12 61.96 

2 Cement-Tartaric acid 
real conditions, position 1 

60.25 66.7 

3 Cement-Tartaric acid 
real conditions, position 3 

42.0 66.055 

4 Cement-Tartaric acid 
real conditions, position 5 

31.8 61.96 

 

No. 
Sample 

Scomp. (N/mm2) 

1 year 3 years 5 years 7 years 10 years 

1 Cement-Iron hydroxide precipitate 
laboratory conditions 

23.41 25.4 29.1 37.6 36.9 

2 Cement-iron hydroxide precipitate 
real conditions, position 1 

25.3 27.45 31.37 54.95 36.27 

3 Cement-iron hydroxide precipitate 
real conditions, position 3 

26.3 28.65 33.5 42.32  

4 Cement-iron hydroxide precipitate 
real conditions, position 5 

24.2 23.53 28.0 30.5 40.37 
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No. 
Sample 

Scomp. (N/mm2) 

1 year 3 years 5 years 7 years 10 years 

1 Cement-Iron phosphate precipitate 
laboratory conditions 

25.2 38 42.3 42.81 44.6 

2 Cement-Iron phosphate precipitate 
real conditions, position 1 

29.3 39.5 45.37 52.64 48.35 

3 Cement-Iron phosphate precipitate 
real conditions, position 3 

31.2 40.8 46.75 52.45  

4 Cement-Iron phosphate precipitate 
real conditions, position 5 

35.7 43 48 54.2 53.57 

 

The behaviour with time of the compressive strength for systems studied is presented in Figs 2 – 5.  

FIG. 2 FIG. 3. 

FIG. 4. FIG. 5. 

 

Pozzolanic additions used to obtain these samples can cause changes of the hardening properties of 
cement matrix, depending on the ratio used in mixing with cement. 

Specific for systems cement and bentonite – volcanic tuff is interaction between calcium hydroxide - 
mineralogical constituents resulting from hydrolysis with the addition of hydraulic portland cement 
(pozzolanic reaction). Process kinetics and the proportion of Ca (OH)2 linked by the addition of 
hydraulic activity are dependent on the latter. The proportion of non-crystalline phases in a relatively 
large hydraulic additions. 
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Pozzolanic reactions take place after hydrating Portland cement constituents, with the formation of 
calcium hydroxide, curing faster, and higher proportion of calcium hydroxide accelerates cement 
hydration. Pozzolanic reaction becomes in this case determined by the rate of transformation processes 
of hidrocompounds (mainly CSH) system, initially anhydrous, with the development of hardening 
structures. 

Calcium hydroxide, used in pozzolanic reaction is found in lower proportions than normal Portland 
cement pastes. CSH composition, if these samples are characterized by reports C/S smaller than 
Portland cement pastes 

Compressive strength obtained on cubic specimens made from cement - bentonite - water (1:0,1:0,5) 
and cement – volcanic tuff - water (1:0,1:0,5) are similar to those obtained for reference matrix of 
cement, while these mineral additives does not affect the strength of the cement matrix. This is 
explained by the fact that the structures formed hydro-compounds (practically insoluble) evolve. 

The results obtained on compression tests after storage (real and simulated in laboratory conditions) 
for cubic specimens made from cement - organic acid solution, are similar to those obtained for the 
reference cement matrix, which demonstrates that in time, a certain concentration of organic acid did 
not adversely affect the structure of hardened cement stone. Oxalic acid increases the impermeability 
of concrete after chemical reactions with the products of cement hydration, with the formation of 
insoluble compounds (calcium oxalate), which clogs pores and cracks in concrete, so developing a 
good mechanical structure. 

Following this work can be seen that the final matrix obtained by embedding in cement complexing 
organic acids is a very complex physico-chemical structure and composition that, far from achieving 
the balance of chemical components and subsystems suffering transformations that affect both the 
structural characteristics as and mechanical performance during intermediate storage and final 
disposal. 

Resistance of the matrix structure is formed as a result of the formation of both compounds of Portland 
cement hydration, hydrolysis, and those resulting from the interaction of Ca (OH) 2 (formed from 
hydrolysis of Portland cement) with additions. 

Analysing the data presented in Table 1 we note that:  

- the lower one shows the strength of iron samples with precipitated Fe(OH)3 but the timing 
is within acceptable limits; 

- samples with mineral additives for use as a partial replacement of cement exhibit good 
behaviour inr terms of mechanical resistance under actual storage.  

4.2. XRD Analysis 

X-ray diffraction spectrum obtained on hydrated cement is shown in fig. 6. The x-ray diffraction of the 
hydrated cement emphasizes crystalline hydrated compounds as: tricalcium hydrosulphate-aluminate 
similar to the natural ettringite - Ca3Al2O6·3CaSO4·31H2O (2θ: 15.8; 19.2; 21.8; 35; 41), calcium 
hydroxide – Ca (OH)2 well crystallized from the intergranular solution (2θ: 18; 34.2; 47.2; 50.6; 54.6), 
the hexagonal calcium hydroaluminate -  Ca4Al2O7·13H2O (2θ: 11.6; 33.6; 36). We also identified 
tricalcium silicate – Ca3SiO5 (2θ: 29.5; 32.3; 51.8), dicalcium silicate – Ca2SiO4 (2θ: 29.5; 32; 32.3) 
and tricalcium aluminate – Ca3Al2O6 which remain unreacted (2θ: 21.8; 32) [6].  

With this x-ray diffraction spectra obtained on samples of cement - FePO4, cement - Fe (OH)3, cement 
– bentonite, cement -volcanic tuff as well as cement - 0.25% citric acid, cement - 1% oxalic acid, 
Cement - 0.25% tartaric acid we could get a picture of chemical reactions and changes that occur in 
mixture with iron precipitates. 
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XRD spectra obtained for cement - bentonite and cement - tuff, highlight a very small decrease in the 
proportion of Ca(OH)2, its characteristic line intensities are lower than in the case without added 
hydrated hydraulic cement. In these diffraction spectra are highlighted a hydrated phases similar to 
those of normal Portland cement pastes, in the early stages etringitte form, solid solutions C4AH13-
C4ASH12, Ca(OH)2 and CSH, it is possible to form the hydro-garnets. If the cement - bentonite and 
cement-volcanic tuff samples are stored in repository, we can observe a decrease of the etringitte. 

The x-ray diffraction spectra obtained on cement - citric acid 0.25% (Fig. 9) pointed out that the 
characteristic peaks of Ca(OH)2 decrease in intensity, but the acid solution concentration does not 
influence greatly the formation of cement hydration products and especially of Ca(OH)2 that give 
cement matrix a good mechanical resistance. This x-ray diffraction spectra, emphasizes that the 
embedding of citric acid in low concentrations (0.25) has no negative consequences on the product 
that formed the cement hydration. 

The x-ray diffraction spectra presented both for the citric acid and oxalic acid, regardless of storage 
conditions, is seen as interference X-ray intensities of specific peaks anhydrous components of cement 
(C3S and C3S) and also lower than the concentration of calcium which forms the hydro-silicate after 
hydration of cement is less than for cement without addition. 

Diffraction spectra obtained on the sample cement-tartaric acid 0.25%, show significant changes in the 
structure of concrete, these changes by emphasizing the significant decrease in intensity of X-ray 
interference line specific characteristic of cement hydration products. The nature of the complexing 
agents influences the chemical interactions of the cement hydration products, in close correlation with 
the properties of the products. 

Matrices that simulate the conditioning matrix of the radioactive waste were analyzed through XRD 
obtaining the specific x-ray diffraction spectra. In these diffraction spectra can be noticed the presence 
of some new compounds which appear after the chemical reactions between the Portland cement and 
iron precipitates. 

Due to the precipitates low crystallized, a part of the iron compounds present low and large lines. The 
measurement done through XRD on the iron precipitate Fe(OH)3 confirmed the existence of two types 
spinelic structures corresponding to magnetite (Fe3O4) and γ Fe2O3 as well as to β Fe2O3·H2O and 
αFe2O3 compounds. From the Fe(OH)3 x-ray diffraction spectra one can notice the appearance of a 
crystallized phase being present through well underlined peaks and an amorphous phase presenting 
very large and low peaks.  

At the precipitate FePO4 x-ray diffraction spectra one can notice that the iron phases present a better 
crystalline namely there are presented more sharped peaks and with the higher intensities especially: 
iron hydrate orthophosphate - FePO4·2H2O, iron metaphosphate – Fe(PO2)2 and iron hydrate 
phosphate – Fe4(PO4)2(OH)6·H2O. In the case of this iron precipitate can be noticed in the x-ray 
diffraction spectra the appearance of amorphous phase. 

The x-ray diffraction spectra for iron precipitates emphasizes the existence of some new compounds 
which appear after the chemical reactions between the cement and iron precipitate namely: phosphate 
hydroxide double of iron and calcium - Ca2Fe(PO4)2(OH)1½H2O (its diffraction angle being: 29.2; 
32.8; 34.6; 25.6). Beside these new compounds, lower quantities of iron hydrate orthophosphate -
FePO4·2H2O un-reacted, can be identified. It is also emphasize the important presence of compounds 
from the hydrated cement, but presenting a diminution of the Röentgen interferences intensities 
specific to these compounds. 

One can notice that, in the x-ray diffraction spectra the iron precipitates don’t have important changes 
concerning the hydration compounds of the hydrated cement (the iron precipitates influence just a 
little the structural properties of the concrete). 
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FIG. 6. X-ray diffraction spectrum for hydrated cement. 
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FIG. 7. X-ray diffraction spectrum for system cement - iron hydroxide precipitate. 
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FIG. 8. X-ray diffraction spectrum for system cement - iron phosphate precipitate. 
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FIG. 9. X-ray diffraction spectrum for system cement – bentonite. 
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FIG. 10. X-ray diffraction spectrum for system cement – volcanic tuff. 
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FIG. 11. X-ray diffraction spectrum for system cement – citric acid (0.25%). 
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FIG. 12. X-ray diffraction spectrum for system cement – oxalic acid (1%). 
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FIG. 13. X-ray diffraction spectrum for system cement – tartaric acid (0.25%). 

5. EXPERIMENTAL ANALYSIS OF WATER DIFFUSION IN HYDRATED CEMENT 
PASTE USED FOR RADIOACTIVE WASTE CONDITIONING 

The management of the radioactive waste implies the conditioning in a cement matrix as an 
embedding, stable, disposal material. In the study of the cement matrix quasielastic neutron scattering 
analysis method was used. Hydrogen containing molecules are involved in microscopic diffusive 
motions that can be most effectively studied by quasielastic incoherent neutron scattering. This article 
highlights the work performed in investigation of water dynamics in the structure of the cement paste 
used for radioactive waste conditioning. Water molecules diffusion at microscopic level is outlined. 
To obtain the diffusion constant, the data is analyzed in terms of half with at half maximum over the 
studied Q range. The integrated intensity was used to study the water dynamics in the cement paste as 
function of the elapsed time. 

We have previously investigated the inelastic neutron scattering spectra measured on a hydrated 
cement paste in the presence of fresh precipitate of ferric hydroxide Fe(OH)3, phosphate Fe2(PO)4, and 
NaCl [16]. The precipitation products and their behaviour during cementation are extremely hard to 
study because of the system complexity (phase composition and structure) and the lack of non-
destructive analytical methods. Therefore, to analyse a system composed only from dry cement and 
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water mixed together became much more realistic and accomplishable. The Portland cement paste 
remains fluid long enough to allow safe processing, and the set cement has adjustable properties. 
Chemically, after mixing with water, cement produces a reacting matrix with a porous microstructure. 
Little is known so far on the chemical reactions taking place or, products that are formed as cement 
mixes with solid or liquid waste and water. But, knowing how the microstructure develops is therefore 
desirable in order to assess the compatibility of radioactive streams with cement and predict waste 
form performance during storage and disposal. 

5.1. Background 

Neutron scattering methods are powerful tools for characterizing complex microstructures [17]. Using 
quasielastic neutron scattering (QENS), it was found [18] that the translation dynamics of a water 
molecule’s centre of mass could be described through the relaxing cage model [19] originally 
developed for supercooled water. While the quasielastic method provides information on hydration 
reaction dynamics, a complementary method, known as small angle neutron scattering (SANS), 
informs us on the spatial evolution of the reaction products [20]. In a SANS experiment, the measured 
spectra contain information about the fractal behavior of the interfaces and the size distribution of the 
scattering particles [21, 22]. Using SANS, one can study structures in the range of about 1 to 100 nm. 
The real stoichiometry is still unclear yet, in the calcium hydrosilicate gel (C-S-H). The amorphous 
nature makes it very difficult to obtain information about its nanometre structure. The forming gel is 
the principal factor in the setting and hardening of the cement paste. However, electron microscopy 
investigations [23] have shown the mesostructure of the cement paste to consist of nanocrystalline 
regions of the scale of ~ 50 Å or less. QENS have found that the hydrated cement paste contains C-S-
H in a gel form and C-H in the form of colloidal particles imbedded in the C-S-H matrix. The water 
molecules incorporated in the colloidal particles appear immobile, while the water molecules 
dispersed in the C-S-H gel matrix behave as interfacial water showing a slow dynamics different from 
that of bulk water. Over time, the interfacial water in the C-S-H gel penetrates into the colloidal 
particles. This is a continuous process increasing the immobile fraction of water [18, 24]. In this case, 
the intermediate scattering function Fs(Q, t) is composed of an elastic component, which is due to the 
immobile water inside the colloidal particle (a constant part), and a relaxing function resulting from 
the structural relaxation of the interfacial water [25]. 

5.2. Experimental 

The neutron scattering experiment was performed at the Laboratoire Léon Brillouin (LLB) in Saclay, 
France, using the high resolution time of flight spectrometer MIBEMOL. In order to achieve a good 
energy resolution (28 μeV) in the investigated Q range, an incident neutron wave length of 9 Å was 
selected. Here Q=(4π/λ)sin(θ/2) represent the magnitude of wave-vector momentum transfer in the 
scattering process, λ is the wavelength of the incident neutrons and θ is the scattering angle. In this 
way we were able to cover a Q range between 0.21 Å-1 until 1.28 Å-1. The scattered energy was 
measured by time of flight of the scattered neutrons over the 3.58 m of flight path between the sample 
and the 71 detectors. Corrections were applied by subtraction of the dry cement powder spectra and 
standardized to the spectra obtained with a thin vanadium plate. The data collection time for this 
experiment was about 6 hours. An ordinary Portland cement powder having the specific Blaine 
fineness of 3200 cm2/g and the density of 3.05 g/cm3 has been used in performance of our experiment. 
The samples for this study were made by mixing the ordinary Portland cement with de-ionized water 
at 0.4 water-to-cement ratio by mass. 

After mixing, the obtained cement paste was poured in the specimen holder. The specimen holder is a 
steel ring frame having the inner diameter of about 18 mm and the thickness of 0.5 mm. The ring 
frame is glued to a thin disk of pure nuclear grade aluminium having the same dimensions with the 
ring frame. After the cement paste was carefully poured in the specimen holder, filling evenly the 
whole space, a second thin aluminium disk was glued to the frame ring creating a sealed compact disk.  
Because the pore water in the cement paste is strongly basic even within a few minutes after mixing, 
the use of Al for the specimen holder is not suitable. The formed cement paste is extremely corrosive 
and quickly attacks the aluminium forming pits of corrosion products at the interface which could 
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affect the reaction rates. To avoid this, the Al disks were coated with a thin film layer of about 1 μm of 
Ti. The coating was performed by evaporation under high vacuum. The Ti layer protects very well the 
Al disks against any aggression from the cement paste. No corrosion, reaction products or pits were 
noticed during hydration reaction or even at long times, after one year or more. The specimen holder 
and the cement paste form a thin cell that makes multiple scattering corrections not necessary. 

5.3. Results and discussions 

In a quasielastic experiment, usually the measured intensity is given by a convolution of the scattering 
function S(Q,ω) and the resolution function R(Q,ω) of the spectrometer [26]. This can be written in the 
following form: 

( , ) ( , ) ( , )I Q S Q R Q     ............................................................................................................. (1) 

The energy transfer in the scattering process is ħω=E0-E, were E0 is the energy of the monochromatic 
incident neutrons and E that of scattered neutrons. 

As described bellow [27] the diffusion constant (D) is given by: 
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were l is the distance covered in the time τ0. 

Taking into account the above equation, the dynamic structure factor has the following expression: 
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The full width at half maximum (hwhm) of this function is 2DQ2, and if is measured at a number of 
fixed values of Q, a graphical representation of the width as a function of Q should be a straight line of 
slope 2D. 

We followed the evolution of the samples in runs of every 6 hours from their set up (a few minutes 
after mixing) until 31 days, at a constant temperature of 25 ºC. To study the time evolution of 
translational dynamics of hydration water in the curing cement paste, the best fit to the following 
analytic form of the total integrated intensity: 

 0 2 2tot Elastic LorentzI I n n I


          ................................................................................... (3)  

convoluted with the resolution function is obtained. 

Here IElastic represent the integrated intensity of the elastic peak, Δ is the channel with, n is the channel 
number, n0 is the channel number for zero energy transfer, ILorentz is the integrated intensity of the 
quasielastic lorentzian peak, hwhm is the half width at half maximum of the quasielastic peak and ω is 
the energy transfer. In this manner, for each run six coefficients are obtained plus two coefficients for 
the “inclined background” witch take in account all the inelastic (phonons) and large quasielastic 
(rotation of H2O) components. 

The fit is a good approximation of the obtained data. First result is shown in Fig. 1, and it gives the Q 
dependence of the fitted hwhm for 4 runs, after first 6 hours, between 18 and 24 hours, between 30 to 
36 hours and after 30 days. 
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Clearly it appears that even 31 days after sample preparation, long distance translational movement 
still occurs and the diffusion constant D (at small Q < 0.5 Å-1) varies a little or not at all. A linear fit 
gives D = 3.5 × 10-5 cm2/s.  

 

FIG. 1. Linear fit of the data gives the diffusion constant D. 

 

The second result represented in Fig. 2 show that for the fitted coefficients there is not Q dependence 
neither of the integrated intensity of the elastic component, nor of the integrated intensity of the 
quassielastic component. 



 

16 

 

FIG. 2. The integrated intensity of each component. 

Here, the intensity (the mean value over Q) is represented as a function of the elapsed time since the 
sample preparation. It appears that there is a clear decrease of the quasielastic intensity and an increase 
of the elastic component. This means that, if there is no variation of the diffusion constant, the number 
of mobile H2O molecules decrease with time. As the 31 days old sample still present a quasielastic 
component, at that time, we can say that after a “rapid decrease” of the number of mobile water 
molecules, there remains a population of still mobile molecules in a metastable state (pore water, 
interlayer water or interfacial water) that is trapped in the material. This water is not like bound water 
and is different from bulk water.  

5.4. Conclusions 

In the present experiment, the observed scattering spectra obtained from the neutron scattering process 
are dominated by the individual incoherent neutron cross section of the individual hydrogen atom. As 
is known from the literature, the water molecule consists of two light hydrogen atoms and a heavier 
oxygen atom with its centre of mass very near to the position of the oxygen atoms. The scattering 
spectrum obtained from pure water has to reflect the motions of the hydrogen atom, around its 
equilibrium position, rotation around the centre of mass, and the translation motion of the centre of 
mass. A comparative study of the frequency spectra in pure water and the confined water or interfacial 
water in the lattice of the cement is a challenging question able to explain the role of water on the 
microscopic and macroscopic properties of cement. The consequence of aging on diffusion dynamics 
of water in cement paste can be viewed as a process of continuous conversion of the free water into 
the immobile water. The immobilization of water can arise from incorporation of free water into 
interior of colloidal particles, saturating different types of phases or as a part of crystalline water. This 
water is embedded in the amorphous gel-like region, where the effective pore sizes of the gel is 
decreasing as the cement ages. On the other hand, water molecules dispersed in the C-S-H gel matrix 
have a slow dynamics significantly different from that of bulk water at the same temperature. As 
cement ages, the water in C-S-H gel penetrates continuously into the colloidal particles and thus 
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increases the immobile fraction. We can conclude that during time, the water became more bound into 
the cement paste increasing the stability of the matrix and securing the confinement. Safe storage of 
radioactive waste is the final stage of the radioactive waste management. Its objective is the protection 
of the public and the environment. Application of safe storage technology that can ensure the 
necessary protection for long time is one of the fundamental problems for the continuity of these 
activities. 

6. CONCLUSION 

The results obtained on samples of cement with mineral additives (bentonite and volcanic tuff) shows 
that cement - mineral additive used have no negative influence on the mechanical properties of cement 
matrix, which are within the limits allowed for the containment matrix of radioactive waste. 

Because of properties of these additives to adsorb liquids and reduce the porosity, a more compact 
matrix can be obtained for conditioning, thereby solving the problem of immobilisation of radioactive 
nuclides.  

After 10 years of disposal, the results obtained for conditioning matrix with various additives is within 
the acceptable limits required for cement pastes. Mechanical resistances values are slightly different, 
depending on storage conditions. 
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