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1. Introduction 
The use of pozzolanic materials such as the fly ash, the natural pozzolan [1], the Silica Fume (SF),... as an 
addition in the concrete formulation or as a partial cement substituent allowed to reduce the amount of cement 
used, while minimizing the energy balance one relating to the CO2 emission into the atmosphere[2,3]. Several 
works have studied the influence of SF on the rheological properties of fresh concrete [4-16] and on its 
mechanical performance in the hardened state [17-23]. From these studies, the SF has a pozzolanic reaction. It 
reacts with the calcium hydroxide released by the cement during its hydration of cement and converts them to 
the hydrated calcium silicate (C-S-H). Moreover, in reason to its high fineness and SiO2 content. The SF is much 
more reactive than the other pozzolanic materials. This is manifested, for example, by the use of SF as an 
additive or as a partial replacement for the cement, the heat of hydration of concrete increases during the first 
three days [24, 25]. The considerable increase in mechanical strength and durability of concrete containing SF 
compared to concrete without addition is generally explained by a finer distribution of the pores. But, recent 
research has shown that the increase in the compressive strength may be also due to a better bond between the 
cement paste in hardened stat and the aggregates [26]. However, few studies have tested the effect of this active 
mineral addition on the durability of the cementitious containment matrix of radioactive waste [27, 28]. 
In this context, our experimental work aims to study the effect of SF on the physical characteristics and 
durability of the cementitious containment matrix of Ion Exchange Resins (IER) considered as radioactive waste 
generated by the nuclear reactor TRIGA MARKII of the National Center of Studies, Sciences and Nuclear 
Techniques (CNESTN) – CENM Maâoura, Kenitra-Morocco [29-32]. Several formulations of the IER's 
confinement matrix have been formulated!while substituting the cement with the silica fume for various mass 
fractions ranged from 2% to 10% with an interval of 2%. The physical properties were examined by the porosity 
and by the compressive strength at a young age, median age and long-term for durability.   
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2. Material and Methods 
2.1. Cement 
The type of cement used in this work is Portland cement with additions (CPJ - 45N), delivered by cement 
Morocco factory. 
2.2. Silica Fume  
The silica fume is a by-product resulting from the production of silicon and silicon alloys (ferrosilicon): in a 
fusion oven by electric arc of quartz (SiO2) on high purity, partially reduced, evaporates at about 1900 °C as 
SiO. The burned gasses are cooled in the stacks, and the SiO, which oxidized to SiO2, is condensed in the form 
of amorphous silica fume. Two main effects are recognized: a pozzolanic effect resulting from the amorphous 
state and a granular effect related to the fineness and a rounded form of its particles (Fig. 1) 
 
 
 
 
 
 
 

 
 
 

Figure 1: Photographic of silica fume used 
 
2.4 Ion Exchange Resin ÒIERÓ 
The IER used in this study as a solid radioactive waste generated by the CEN nuclear reactor of Maâmoura-
Marocco, they are crosslinked polymeric as a form of balls (Figure 2). It consists of an assembly of three 
particle sizes: 0.2% of the grains with a diameter of less than 0.31 mm, 80% of the grains with a diameter of 0.4 
mm and 1.00 mm and 3% of the grains with a diameter greater than 1.25 mm. Their chemical compositions are 
presented in Table.1.  

!
Figure 2: Photographic of Ions Exchange Resin (IER) 

Table 1: Chemical compositions of the Ions-Exchange Resin (IER) 

Physico-chemical properties of IER!
Skeleton! Polystyrene crossed to the gel type DVB !

Functional grouping! 3 -SO -R!
Physical appearance! Translucent dark, amber beads!

Ionic form at delivery! -H!
Moisture content!  )+65% (form H -51 !
Maximum swells! : 5% +H -+ Na!
Temperature limit! 120 ° C !

pH limit! 0-14!
Apparent density! About 800 g/l!

Real density!  )+1.20 (form H!
Total Exchange capacity! )+Min 1.7 eq/l (form H!
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2.5 Method of Ions Exchange Resin cementation  
The tested samples (Fig .3) are prepared by dry mixing the cement and the silica fume. Then, adding the 
radioactive waste (IER) with the content of moisture about 64% and finally spoiling our mixture, the deferents 
elaborated formulations are shown in Table 2. The resulting mixture of a report of Water/Binder = 0.40 (W/B) is 
poured into cylindrical molds with a size of 5.5 cm in diameter and 10 cm in height previously oiled to facilitate 
their removal. The samples are then vibrated by a vibrator type (Trakita VR 250D) to eliminate air pockets. 
After the setting time, the samples were removed from the mold and stored in a relatively humid room until the 
crushing time (7 days, 14 days, 21 days, 28 days and 90 days). 
 

Table 2: Composition of the elaborated formulations 
Binder* fraction SF** fraction IER*** fraction W/B**** report 

100 0 12 0.40 
100 2 12 0.40 
100 4 12 0.40 
100 6 12 0.40 
100 8 12 0.40 
100 10 12 0.40 

*Binder = Cement+ Silica Fume        SF**= Silica Fume       IER****=!Ions Exchange Resin     W/B****= Water/Binder 
 
The tested samples are presented in Figure 3 below: 

!
Figure 3: The tested samples 

3. Results and discussions  
3.1 Characterization of materials 
The chemical and mineralogical compositions of cement, obtained by fluorescence X-Ray and X-Ray 
Diffraction are presented in Table 3-4 and Figure 4. 
 

Table 3: Elementary chemical compositions of cement  
Composition (%)!  CaO! 2SiO! 3O2Al! 3O2Fe! MgO! 3SO! O2K! O2Na! -Cl!

Cement! 61.80! 19.20! 7.80! 3.16! 2.01! 2.40! 0.82! 0.10! 0.01!
 

Table 4: Mineralogical composition of clinker!

Chemical name  Mineral name  Chemical 
formula  

Cement 
nomenclature  Content 

Tricalcium silicate Alite 5SiO3Ca   S3C  48.69 
Dicalcium silicate Balite  4SiO2Ca  S2C  18.31 

Aluminate tricalcium Aluminate 6O2Al3Ca  A3C   15.32 
Tetracalcium Aluminoferrite Ferrite 10O2Fe2Al4Ca  AF4C   9.61 
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The cement used in our study has a fairly good C3S content and an acceptable C3A proportion. However, it is 
known that these two components favorably influence the behavior of concrete at young ages. C3S acts mainly 
on resistance at a young age, whereas C3A is the phase which contributes favorably to the setting of the cement 
paste. As for C2S, it contributes to developing the resistances at the long term.  Crystallographic structures of 
cement determined by X-Rays Diffraction (XRD) are shown in figure (4). 

 
Figure 4: Crystallographic structures of cement used 

According to the Fig. 4, we see that the predominant crystallographic structures in the Portland cement used in 
this work for the cementation of Ion Exchange Resins are the calcite CaCO3, the alite Ca3SiO5 and the quartz 
SiO2. 
The chemical and physical properties of the silica fume used in this work are summarized in Tables (5-6). 

Table 5: Elementary chemical compositions of silica fume 
Content (%)! CaO! 2SiO! 3O2Al! 3O2Fe! MgO! 3SO! O2K! O2Na! -Cl! LOI!
Silica Fume! 0.46! 91.20! 0.827! 1.68! 0.94! 0.42! 0.93! 0.77! 0.06! 2.71!

Table 6: Physical properties of silica fume 
 !

 
 

The Figure (5) illustrates the mineralogical composition of silica fume. 

!
Figure 5: Crystallographic structures of silica fume 

 

Color! Morphology! Apparent density!
Gray! Spherical particles! 3700Kg/m-550!
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3.2. Characteristic of the silica fumeÕs vitreous phase 
The quality of a mineral addition is related to its glass content. For this purpose, it is sufficient to calculate, from 
its chemical composition, the difference between the raw contents of silica and lime (silica-lime). When this 
difference is less than a threshold value of 34%, the mineral addition does not comprise a vitreous phase.  
At the chemical compositions (Table.5), this difference is greater than 34%. This means that the silica fume 
used contains a very appreciable vitreous phase. Thus the possibility of fixing the lime released during the 
hydration of cement and to form the silicates of hydrated calcium (C-S-H gel) according to the following 
pozzolanic reaction: 
CaO + SiO2 + H2O--------> C-S-H           (Pozzolanic reaction) 

3.3 Activity index of silica fume 
The activity index noted “I”, that is an important characteristic of mineral additions, is calculated using the 
equation (1). 

           Eq (1) [33] 
Or  
I      : Activity index  
Rmcx: Mechanical compressive strength at 28 days with 10% of silica fume; 
Rmct: Mechanical compressive strength at 28 days of control matrix. 
 
The study of this index aims to evaluate the effectiveness of these siliceous used as mineral additions. In order 
to comply the norm NF EN 13263-1 (2005), the siliceous fines must have a normalized activity index greater 
than or equal to 1.00 at the 28-day maturity.  The activity index of our addition is celebrated in a Table (7). 
 
Table 7: Activity index of the silica fume 
Deadline (days) 7 14 21 28 90 
Activity index (I) 0.75 0.84 1.33 1.29 1.24 
  
On reading the results presented in Table (7), siliceous adding has an activity index greater than 1, and then 
allowed to consider its use in substitution of the cement of the IER confinement matrix. 
  
3.4 Mechanical compressive strength 
The mechanical performances of various formulations carried out were evaluated by the compressive strength of 
the cylindrical specimens. This compressive strength was measured after five curing times (7, 14, 21, 28, 90 
days) using a manual hydraulic press (Carver 4350). The obtained results are shown in Figure (6), the 
compressive strength value is the average of three test results. 
 

 
Figure 6: Variation in compressive strength as a function of mass fraction of SF 
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The results illustrated in Figure (6) show that the compressive strengths of all developed formulations regularly 
increase with age and show no fall. At the young age, the compressive strength is lower when the rate of silica 
fume is higher. This decrease in resistance is mainly attributed to the slow pozzolanic activity of our mineral 
addition. The pozzolanic reaction is not predominant at a young age, this leads to a less intense hydration at this 
age by inducing low resistances. At the long-term, a strong improvement of mechanical performance is noticed, 
this improvement  results of both the fineness and the pozzolanic properties of our inorganic addition, which 
gives it a high reactivity with the Ca(OH)2 produced during the hydration of cement (Reaction 2)  giving  
supplementary calcium hydrate (Figure 7) according to the reaction 3 .    

 SiO23CaO + H2O---→CSH + Ca (OH)2 .   (Reaction 2)     
 SiO2 + Ca (OH)2 ---→CSH.                         (Reaction 3)     

 
Figure 7: Draw illustrating the principle of the pozzolanic reaction of silica fume  

3.5 Gain in compressive strength at 28 days 

We calculated the gain of ' Rmc' at 28 days of all studied formulations using the equation (2): 
 

G =       Eq (2) [34]                                                  
With: 

: The mechanical resistance of compression at 28 days the test piece witness; 

 : The mechanical resistance of compression of matrix with X % of silica fume, (X = 2%, 4%, 6%, 8%, 
10%) 
The Figure (8) presents the gain in compressive strength at 28 days of the matrix with 2% to 10% of silica fume. 

 
Figure 8: Gain in compressive strength at 28 days 

The Figure (8) present the important role played by the quantity of silica fume on the mechanical performance 
of the IER cementitious matrix. It shows that the formulations containing about 2% at 10% of silica fume have a 
resistance that exceeds the 6.25 % to 26.25 % respectively for the value noted by the control formulation. 
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3.6. Porosity 
The porosity is a determining factor of the durability of the IER containment matrix. It is the ratio between the 
pore volume of the dry matrix and its apparent volume. The porosity is calculated using the equation (3) 
 

                                                                        Eq (3) [35] 
 
With 

Mi: Mass of the specimens saturated in water 
Mf: Mass of the specimens parboiled for 3 days at 105 ° C   
V: Apparent volume of the specimens 

 
The variation of the porosity as a function of the percentage of silica fume is given in Figure (9). 
 

 
Figure 9: Variation of porosity 

From the results presented in the Figure (9), the porosity of the IER confinement matrix decreases as a function 
of the mass fractions of silica fume. This decrease is probably due to the granular effect of our ultrafine 
addition. In fact, the particles of the silica fume are spherical, smooth and very small, fill the interstices between 
the grains of cement and that of the radioactive waste (IER), which reinforces the granular stacking of the 
matrix, improves its durability and minimizes its leaching during the final storage of confined waste. These 
results correspond perfectly with the literature which shows that the compressive strength increases with the 
decrease of porosity [36]. 

 

Conclusion 
The interest of this study is to formulate a new containment radioactive waste matrix, which is ecological and 
has good mechanical and physical properties. 
For this effect, the main conclusion which we have reached is to substitute the cement up to 10% by silica fume 
(SF) in the ion exchange resin confinement matrix. The improvements in the mechanical and physical properties 
of the matrix have been observed. These improvements are generally related to the granular and pozzolanic 
effects of our additive (SF). The granular effect is explained by the fact that the fine particles of silica fume fill 
the interstices between the constituents of the matrix subsequently reinforcing its granular stacking. As for the 
pozzolanic effect; the silica fume combines with the lime released during the hydration of the cement, thus 
giving additional hydrates (C-S-H) (Reaction 1). 
This study contributes both to minimize the emissions of CO2 into the atmosphere by the reduction of the 
cement part substituted by silica fume, to valorize of industrial waste (SF), to reduce the cost of cementation 
radioactive waste and to develop of a new radioactive waste containment matrix with improved physical and 
mechanical properties.!
 !
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