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ABSTRACT 
 
In Nuclear Technology Development Center (CDTN) several activities are carried out in the nuclear research area, 
generating low-level radioactive waste, including aqueous one. The treatment used for these wastes in the CDTN is 
their volume reduction by the addition of chemicals, in order to concentrate the radionuclides in the waste to an 
insoluble form, generating sludge. This sludge is incorporated into cement in the Cementation Facility (ICIME) of 
CDTN, with a mixing system outside the drum and a batch capacity of 200 liters. As these wastes come from 
different research works, the chemical characteristics are also different, and therefore laboratory studies are 
necessary to define the process parameters of the cementation for each type of waste. This determination and the 
quality of the cemented waste product are performed in the Cementation Laboratory (LABCIM), where 2 liters of 
pastes containing wastes are prepared with a household mixer with circular motion. In LABCIM, tests are done to 
determinate the viscosity, the setting time and the density in the paste, as well as the compressive and the tensile 
strength, the density, the homogeneity and the presence of free water in the product. The tests are carried out to 
verify if the solidified waste product, generated in CDTN, meets the acceptance criteria for safe disposal in the 
repository established in the standard CNEN NN 6:09. In a previous analysis Haucz et al., comparing the test 
results of pastes and waste products, which were obtained at LABCIM and ICIME, it was observed that there were 
statistical differences among them. In order to evaluate these differences and to select the best LABCIM mixing 
system, it was proposed a design of experiments (DOE), using the applicable statistical tools. Then at LABCIM, 
pastes were prepared with the same procedure using three different mixers, different types of cement, different 
times of mixing and different water:cement ratio. Then one formulation was selected, and it was used to prepare the 
paste in ICIME. In this paper is presented the statistical data analysis for the axial compressive results of the 
solidified products after 28 days for comparing to performance of the LABCIM mixing system. And finally, which 
mixer presented the best results compared with the ICIME. 
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1. INTRODUCTION 
 
The global growing demands more and more electricity, than many countries are concerned 
about diversifying their energy matrix, in order to prevent a disturbance in their economy by 
the fluctuating prices of energy sources, especially the imported ones. Moreover, in most 
countries the construction capacity for hydroelectricity is already exhausted and the concern 
about minimizing the environment impact is bigger. In this scenario, the nuclear energy 
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becomes an effective option to meet this energetic demand as well as offering one of the best 
heat generation rates, without emitting greenhouse gases and still has the advantage to 
produce near the final user, reducing the cost of the transmission systems.  
 
In the nuclear area, as in any process of power generation, waste can be arisen. Many of these 
wastes have contaminants in harmful quantities to humans and to the environment. Therefore 
they should be managed properly to ensure that they can be safely handled during 
transportation, storage and final disposal. Sometimes these wastes need to be treated to 
convert them into a stable solid form in order to prevent dispersion of radionuclides to the 
surrounding environment. The process choice is dependent on the radioactive level and type 
of waste and the national regulation 
 
In Brazil, the radioactive waste must comply with the regulation of the Brazilian Nuclear 
Energy Commission (CNEN). Generally a solidification process consists in to fix the 
radioactive waste in a matrix, transforming it into a monolith without free water. There are 
some techniques for this solidification according to the activity and the type of waste. To 
solidify low-and-intermediate level radioactive wastes the cementation process is the most used 
for being simple and cheap and due to the cement compatibility with various types of wastes. 
 
In Nuclear Technology Development Center (CDTN) several activities are carried out in the 
nuclear research area, generating low-level radioactive waste, including aqueous ones. The 
treatment used for these wastes is volume reduction by the addition of chemicals, in order to 
concentrate the radionuclides in the waste to an insoluble form, generating sludge. This sludge 
is incorporated into cement in the Cementation Facility (ICIME) that has a mixing system 
outside the drum and a batch capacity of 200 liters. As these wastes come from different 
research works, the chemical characteristics are also different, and therefore it is necessary 
laboratory studies to define the process parameters of the cementation for each one.  
 
The Cementation Laboratory (LABCIM) is responsible for the quality control of the 
cementation of the waste. Aiming this goal tests are performed tests to determine the 
viscosity, the setting time and the density in the paste, and the compressive and the tensile 
strength, the density, the homogeneity and free water in the product. The tests are carried out 
to verify if the solidified waste product, generated in CDTN, meets the acceptance criteria for 
safe disposal in repository. 
 
The compressive strength of the final product is related to the workability of the paste, and in 
turn is influenced by the ratio water and cement and hence by the ratio sludge and cement 
The homogeneity of the solidified product is directly related to the workability, the mixing 
time and the paste formulation. The value of the mechanical strength of the solidified product 
decreases with increasing ratio water and cement [1]. The water/cement ratio is the most 
important factor in relation to resistance, since this variable influences other factors and is 
independent of any other [2].  
 
In the LABCIM / CDTN there are facilities, equipment, instruments and a variety of suitable 
materials for the tests of cementation. To carry out the experiments there is a qualified 
technical staff able to produce reliability results. The objective of the Laboratory is making 
Research and Development in radioactive and dangerous waste cementation area. These 
activities aim at giving solutions to different problems in this area, including process 
development, using of new materials and equipment, in order to obtain qualified cemented 
products, to meet the requirements of the national standards [3]. It is also defines the 
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parameters for the cementation in ICIME and the quality control of the process and final 
waste products through some tests are done in laboratory.  
 
The cementation facility (ICIME) was totally designed and built at CDTN, using Brazilian 
equipment and materials. It is used to solidify the sludge from the treatment of liquid 
radioactive wastes, and to immobilize non compressible solid wastes. It is a mixing system 
outside of drum. It has coupled on-line electronic weighing system, in which it is possible to 
make a precise mass balance [4]. The maximum production capacity of ICIME is 
approximately 200 L per batch. 
 
In a study done for Haucz et al. [3], differences were observed between the results from the 
laboratory (LABCIM) and the real scale (ICIME) for the properties of pastes and solidified 
products. On the other hand, it is known that transferring the laboratory scale process 
parameters for the real scale is a challenge, because there are several influential factors such 
as chemical, mechanical and operational properties. In order to improve and the process as a 
whole, researches are continuously performed. According Haucz et al. [5] to evaluate 
statistically these differences and to propose improvements in the mixing process, it was 
made a factorial design experiments 2³. Then 48 pastes were prepared in three distinct 
LABCIM mixers, varying the type of cement, the water and cement ratio and the mixing 
time. The test results from these mixers were compared. After that, the axial compressive 
strength (RC) results were used for the comparison of these mixers with the ICIME aiming to 
select the LABCIM mixer that better is reproduced in the real scale. 
 
This study follows the requirements established by the Brazilian standard CNEN-NN-6.09 [6] 
that provides the basic requirements for acceptance of radioactive waste for disposal purposes. 
In its section 4.5 it is presented that the solidified product should be homogeneous and should 
have axial compressive strength, at 28 days, greater or equal to 10 MPa. 
 
 

2. METHODOLOGY 
 
The methodology used to study the reproducibility among the process scales is presented in 
Fig. 1. First it was organized the design of experiments (DOE), beginning with selection of 
the variables (factors), combinations (formulations) and levels (low “-” and high “+”) of each 
variable, in a full factorial design 2³, which is summarized in Table 1. Minitab® software was 
used to study the results [7]. 
 
 

Table 1: Influent variables (factors and levels)  

Factors Slow levels (-) High level (+) 
A Ratio (w / c) 0.45 0.50 
B Type of cement CP IV - 32 CP IV (ARI) 
C Mixing time 5 minutes 15 minutes 
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Figure 1: Schematic diagram of methodology of experimental design 

 
 
Then the pastes were prepared with the mixers in LABCIM and they were tested in 
accordance to the DOE. The mixers used in LABCIM were one household mixer D3 with 3 L 
capacity and two planetary ones, P3 and P15 whose capacity are 3 L and 12 L, respectively. 
However all properties have been evaluated, in this paper it is presented only the evaluation 
of the compressive strength results. 
 
The order of preparation of these pastes was random and it is presented in Table 2. The preparation 
procedure was the same for all experiments. To prepare the samples for the compressive 
strength tests in two kinds of cylindrical molds were used metal molds in the dimensions 
(diameter x height) of the (5x10) cm and cylindrical polyethylene molds of the (5x8) cm. The 
choice of metal cylindrical molds was because they are standard ones, according to ABNT [8]. The 
polyethylene cylindrical molds are normally used for radioactive waste cementation in CDTN. 
After the curing time, of the 28 days, the axial compressive test was done. 
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Table 2: Number Pastes per type of mixer 
 

LABCIM’s mixing systems Factors / Levels 

household (D3) Planetary (P3) Planetary (P15) A B C 
1 (23, 31) 9 (52, 75) 17 (27, 36) - - - 
2 (44, 60) 10 (50, 66) 18 (32, 59) + - - 
3 (90, 92) 11 (40, 69) 19 (37, 91) - + - 
4 (93, 94) 12 (39, 46) 20 (62, 89) + + - 
5 (54, 55) 13 (49, 67) 21 (34, 47) - - + 
6 (58, 65) 14 (56, 57) 22 (63, 64) + - + 
7 (96, 97 ) 15 (85, 98) 23 (43, 95) - + + 
8 (42, 88) 16 (21, 71) 24 (19, 77) + + + 

( ): the number in parenthesis refers to the paste preparation order. 
 
 
Finally, all results were analyzed to select the mixer that is better reproduced in ICIME. For 
economic and ecological issues, it was selected only one formulation (--+) to be prepared in 
Cementation Facility (ICIME), in replicate. The volume of the paste produced was 168 L liters.  
 
 

3. RESULTS AND DISCUSSION 
 
The results of axial compressive test are presented in Table 3 for all mixers, D3, P3, P15 
and ICIME.  
 
 
Table 3: Results of compressive strength test, RC (mean) and standard deviations (s), in MPa 

E
xp

er
i

m
en

ts
 Factors 

(ABC) 
D3 P3 P15 ICIME 

RCD3 sD3 RCP3 sP3 RCP15 sP15 RCICIME SICIME 
1 - - - 28.4 2.8 32.0 3.6 19.0 2.2 n.t. n.t. 
2 + - - 27.2 3.5 28.8 2.0 23.8 2.7 n.t. n.t. 
3  - + - 44.3 7.6 32.6 8.0 43.8 5.8 n.t. n.t. 
4 + + - 32.4 5.8 40.7 6.7 39.8 5.9 n.t. n.t. 
5  - - + 30.5 4.3 28.3 6.0 17.6 2.2 27,7 6,7 
6 + - + 26.3 3.3 27.5 2.3 27.6 2.0 n.t. n.t. 
7 - + + 41.8 7.5 39.5 6.3 37.8 7.2 n.t. n.t. 
8 + + + 41.6 4.9 29.2 4.0 19.2 2.6 n.t. n.t. 
n.t.: no test. 

 
 
The effect of any factor was analyzed with the statistical tests “T”, “F” and p-value. From the 
statistical t-testing and F-testing if their calculated values are lower than the selected 
confidence level (1-α), then the effect is no significant. And for the (probability) p-value, the 
effect is no significant if its value is greater than selected alpha. Normally in the factorial 
analysis the t-testing is used for evaluate the main effects, and the “F” testing is used for two 
and three interactions [9].  
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The factor effects and their interactions for the response RC were evaluated and the factorial 
analysis was done. These results are shown in Tables 4, 5 and 6 for the three LABCIM’s 
mixers, with a confidence level 90 %. 
 
 

Table 4: Estimated effect for RC for mixer D3 (α = 0.10) 

Variation Source Effect T 
(t0 = t152;0.10 = 1,655) 

F 
(F0 = F0.10;1;152).= 2,739 p-value 

(A) a/c -4.388 -5.27 27.80 0.000 
(B) cement 11.943 14.35 205.89 0.000 
(C) T. Mix 1.950 2.34 5.49 0.020 
AxB -1.657 -1.99 3.96 0.048 
AxC 2.155 2.59 6.70 0.011 
BxC 1.330 1.60 2.56 0.112 
AxBxC 3.677 4.42 19.51 0.000 

(α = 0.10): level significance selected. 
 
 

Table 5: Estimated effect for RC for mixer P3 (α = 0.10) 

Variation Source Effect T 
(t0 = t152;0.10 = 1,655) 

F 
(F0 = F0.10;1;152).= 2,739 p-value 

(A) a/c -1.812 -2.18 4.77 0.031 
(B) cement 6.099 7.35 54.02 0.000 
(C) T. Mix -2.671 -3.22 10.36 0.002 
AxB 0.678 0.82 0.67 0.415 
AxC -3.740 -4.51 20.31 0.000 
BxC 0.343 0.41 0.17 0.680 
AxBxC -5.487 -6.61 43.72 0.000 

(α = 0.10): level significance selected. 
 
 

Table 6: Estimated effect for RC for mixer P15 (α = 0.10) 

Variation Source Effect T 
(t0 = t152;0.10 = 1,655) 

F 
(F0 = F0.10;1;152).= 2,739 p-value 

(A) a/c -1.902 -2.79 7.80 0.006 
(B) cement 13.099  19.23 369.83 0.000 
(C) T. Mix -6.081 -8.93 79.69 0.000 
AxB -9.314 -13.67 186.99 0.000 
AxC -2.300 -3.38 11.40 0.001 
BxC -7.327 -10.76 115.69 0.000 
AxBxC -4.920 -7.22 52.18 0.000 

(α = 0.10): level significance selected. 
 
 
From the results presented in Tables 4, 5 ant 6 it is observed that all main factors (A, B and 
C) are statically significant for RC to all mixers (D3, P3, and P15). 
 
The effect with the two interactions (BC) is no significant for D3 and P3 the effects, 
additionally for P3 the interaction (AB) is also no significant. 
 



INAC 2015, São Paulo, SP, Brazil. 
 

Generally, it can be concluded from the Tables 4, 5 and 6 that: 
� The effect water:cement – a/c - (Factor A) is consistent with the literature, whereas 

studies show that the increase of this factor decreases the value of RC;  
� The effect of the type of cement (Factor B) is the factor that positively influences more 

the response for RC in all mixers, consistent with the literature; 
� The effect mixing time – T. Mix. - (Factor C) is negative. It suggests that increasing the 

mixing time, the value of the RC decreases, excepting for mixer D3. 
 
The chart "Normal Plot of the Standardized Effects for RC" for all mixers (Fig. 2) shows that 
the points that are farther away from the line are significant effects. From these graphics is 
possible to verify that the points (BC) and (AB and BC) are not significant, for D3 and P3 
mixers, respectively, pointed out by arrows, while for P15 they are all significant that also 
agrees with results of "T" and "F" tests. 
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Figure 2: Charts Normal Plot of the Standardized Effects for RC 

 
 
The cube plots of data means for RC of the interactions between factors for LABCIM mixers 
are shown in Fig. 3. 
 
 



INAC 2015, São Paulo, SP, Brazil. 
 

1

-1

1

-1
1-1

T.Mix

Cimento

a/c

41,5546

26,261930,5147

41,7683

32,4420

27,163928,3731

44,3194

 (D3)

 

1

-1

1

-1
1-1

T.Mix

Cimento

a/c

29,1484

27,515528,2581

39,5092

40,7040

28,782033,0192

32,6105

(P3)

 

1

-1

1

-1
1-1

T.Mix

Cimento

a/c

19,1505

27,612517,5796

37,5871

39,7776

23,745618,9544

43,7742

(P15)

 
Figure 3: Cube Plot (mean) for RC 

 
 
To evaluate the reproducibility of LABCIM mixers (D3, P3 and P15) regarding the ICIME, 
the hypotheses are: 
� H0: μD3; μP3; μP15 = μICIME (means of the RC for LABCIM’s mixers (D3, P3, P15) and 

ICIME is equal); 
� H1: μD3; μP3; μP15 ≠ μICIME (means of the RC for LABCIM’s mixers (D3, P3, P15) and 

ICIME is not equal). 
 
The individual RC data and the mixers interactions of the replicates for the combination (--+) 
for all mixers are plotted in the Fig. 4 and it is observed that the P15 is the mixing system that 
presented the lowest values.  
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Figure 4: Individual RC values and the replicate means for all mixers, for the 
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The table of ANOVA results is presented in Fig. 5, which provides evidence at 
the 90 % confidence level that RC means are different for at least one process (mixers), 
because p-value < 0.10. And it can be evidenced for the "Fcalculed" value (39,54) that is 
greater than “Fcritical” “(F0.1; 3; 76) = 2,157”. Then the null hypothesis “H0” (Fig. 5) can be 
rejected at the 90 % confidence level.  
 
 

 
Figure 5: Analysis of variance (ANOVA) of RC for (--+) combination for all mixers 

 
 

From the confidence intervals shown in Fig. 5 it is observed that P15 does not overlap any 
of the other, which reinforces the previous conclusion that there is at least one mean 
statistically different, in this case comes from P15. 
 
When H0 is rejected in a multivariate analysis, it should be used another statistical method of 
multiple comparisons to verify if there are differences among the means of these process. In 
addition it should be evaluated the risk of the type I error, when the null hypothesis (H0) is 
rejected but is actually true. 
 
Dunnett's test is designed to hold the family wise error rate when it is ≤ � when performing 
multiple comparisons of group treatment with a control reference. It is similar to the “T” t-testing 
and it is widely used after ANOVA with a post hoc test, for final decision [10]. 
 
The results of the Dunnett's test are shown in Fig. 6, and they are used to evaluate the 
reproducibility of the LABCIM mixers (D3, P3 and P15) relatively to ICIME for RC, for the 
combination (--+). It could be observed that LABCIM mixer D3 and P15 not belong at the 
group A, i.e., they are significantly different at 90 % confidence level. It also suggests that 
the P3 mixer presents the best reproducibility relatively to the results of the ICIME for the 
RC, with the same level of significance (�� = 0.10). 
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Figure 6: Dunnett’s test of RC for combination (--+) to all mixers 

 
 
 

3. CONCLUSIONS  
 
The liquid waste generated in CDTN activities are incorporated in cement in batches of 200 L 
in the ICIME. To determine the parameters for these cementation tests are carried out in 
LABCIM, that is also used to make R&D works in cementation area. In a study done by [3], 
differences were observed among the results obtained for the properties of pastes and 
solidified products in the LABCIM and ICIME scales. 
 
The transfer of process parameters from the laboratory scales to real scale is challenge 
because several factors have influences, sometimes limiting, among them, mechanical, 
operational and chemical properties.  
 
The cemented waste product should be present, among others, axial compressive strength 
greater or equal to 10 MPa, at 28 days, in compliance with the standard CNEN 6.09. 
 
The axial compressive strength (RC) results were presented in this paper and discussed only. 
A full assessment has been made, considering all the results of all tests, however here it was 
presented only the RC. 
 
Finally a summary of the evaluation is presented as followed. The performance of LABCIM 
mixers D3, P3 and P15: 
� All the factors A (a/c) B (type of cement) and C (mixing time) are statically significant, 

for all mixers; 
� The cement is the factor that positively more influences the RC result; 
� The effect of three interactions (ABC) is significant for all mixers; 
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� For D3 mixer only the effect of two interactions (BC) is no significant; 
� For P3 mixer the effect of two interactions (AB) and (BC) no significant; 
� For P15 mixer all effects of the interactions are statistically significant; 
� The P15 mixer presents lower RC values than others, i.e., it presented the lowest RC 

response; 
� The LABCIM’s mixers were presented different RC results in the mixing process (mixer) 

at 10 % significance level. 
The P3 mixer presented the best reproducibility relative to ICIME for the RC results, at 90 % 
confidence level. 
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