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ABSTRACT

In Nuclear Technology Development Center -  CDTN/CNEN several activities are carried out, in which are 
produced low-level radioactive wastes, among them stand out the aqueous ones. The treatment used for these 
wastes is volume reduction adding chemicals substances to concentrate the radionuclides present in the waste 
into an insoluble form, producing a sludge that is incorporated in cement and after poured in drums. These 
activities are carried out in the Facility of Chemical Treatment and Cementation ITQC. Quality control of this 
process and the final product is done by means of laboratory tests evaluating the setting time, the viscosity and 
density of the paste and the solidified product compressive strength, resistance to leaching and density. In the 
laboratory cementation - LABCIM are defined the mixing process, the amount and type of materials best suited 
to ensure a final product that meets the requirements of CNEN regulation. During the evaluation of historical 
data some differences were detected in the characteristic of pastes and solidified products. Evaluated the 
historical data and differences were observed in the characteristics of the pastes and solidified products obtained 
in the two systems - LABCIM and IQC, pointing to the need to use statistical tools in planning the testing 
laboratory and the analysis results.

1. INTRODUCTION

In the Nuclear Technology Development Center -  CDTN/CNEN -  several activities are 
carried out in which are generated low-level radioactive wastes, among them stand out the 
aqueous ones. The treatment used for these wastes, is volume reduction, adding chemical 
substances to concentrate the radionuclides present in the waste into an insoluble form, 
producing a sludge that is incorporated in cement and after poured in drums. These activities 
are carried out in the Facility of Chemical Treatment and Cementation (ITQC). Before 
making the waste cementation in the ITQC, the process parameters are established and the 
product quality evaluation is done through some tests. These experiments are performed at 
the Cementation Laboratory (LABCIM). After processing of the waste at ITQC, some 
samples are taken to be evaluated and compared with the results of the previous experiment 
at LABCIM. In the evaluation of historical data, according to Haucz et al. [1] differences 
were observed in the characteristics of the pastes and solidified products obtained in the two



systems, LABCIM and ITQC, which directing to the establishment a standard procedure for 
the process and analysis of the results. A study to evaluate these differences is being done.

This paper aims to present the review of the literature for the experimental planning, the 
selection of the variables to be used, with intended to know better the correlation between 
cementation in lab and facility scales for study of the reproducibility between the two 
systems, and statistical tools to analyze the results.

2. LITERATURE REVIEW

3.1 Design of Experiments and Statistical Analyzes of Results

Usually the goal of the experiment is to discover the function that represents the system 
(process), unknown, in principle, which operates on the input variables (factors) and produces
as output the observed responses, where a certain number of factors Fi, F2 ....Fk, acting on
the system under study, outputs responses Ri, R2, ....Rk, as showed in the Fig. 1 [2],

Response 1

Response 2

Response k

Figure 1: Scheme of the system represented by a function, by connecting the input
variables at the output variables [2].

According to Button [3] the experimental planning, also called experimental design, 
represents a set of tests established with scientific and statistical criteria, in order to determine 
the influence of several variables on the results of a given system or process. This greatest 
goal can be divided into other objectives in accordance with the purpose of the tests:

• Determine which variables are most influential in the results;
• Assign values to variables influential order to optimize results;
• Assign values to variables influential so as to minimize the variability of results, and
• Assign values to variables influential so as to minimize the influence of uncontrollable

variables.

Some of the benefits of using statistical techniques experimental planning:
• Reduction the number of tests without j eopardizing the quality of information;
• Simultaneous study of several variables, separating their effects;
• Determination of the reliability of the results;
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• Conduct the survey on steps, in an iterative process of adding new tests;
• Selecting variables that might influence in a process with a reduced number of tests;
• Representation of the process studied by mathematical expressions;
• Drawing of conclusions from qualitative results.

In systems involving mixtures of different constituents, where variation of the levels the raw 
material cannot be performed without the alteration of the levels of other, the statistical 
technique more adequate is the planning of experiments with mixtures [3],

The design of experiments -  DOE -  is the statistical activity essential to obtain reliable 
results, which confirm or not the hypotheses related to the specific objectives of the research. 
If this is not properly done, what one has is a bunch of numbers infertile, of which one cannot 
draw any conclusion. By using the design of an experiment based on statistical principles, it 
can be obtained a maximum of information, doing a minimum number of experiments and 
one can employ the full factorial design [3],

The factorial planning uses the terms factors, levels and responses. The factors are 
controllable variables, which in principle influence a specific process. The levels are the 
values of each factor studied in the experiment, and responses are variables of the process 
outputs that may, or may not, be affected by the changes caused in the factors, i.e., are the 
interest properties of the process (system). These are efficient at evaluating the effects and 
possible interactions of several factors (independent variables). Analysis of experiment 
design is built based on the analysis of variance, which is a method of decomposing the total 
variability in a set of observations. If there are k factors, and each one has two levels, a 
factorial experimental design will require 2k runs. For example, with k=3, the 23 design in 
Fig. 2, requires 8 tests [2],

Figure 2: Separation of 23 factorial design in two blocks "A" and "B" [2].

A procedure for planning and for analysis of results indicates by Montgomery [4] is:
• Recognition and definition of the problem;
• Choice of variables (influence factors) and the range of values on that these variables 

will be evaluated, defining the specific level (value) that will be used in each test;
• Appropriate choice of the response variable;
• Design of the experiments: the sample size (number of replicas), execution sequence of 

tests, the need to randomization or the use of blocks;
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• Execution of experiments, monitoring them and by controlling them;
• Analysis of the results through statistical methods;
• Establishment of the conclusions and recommendations from the analysis of the results.

There are three basic techniques for definition of the essays in experimental design: the use of 
replicas, randomization and blocks. The replica consist the repetition of a test under 
conditions established, and it allows obtaining an estimate of how to the experimental error 
affects the results of tests and if these results are statistically different. It also allows 
verification which the influence of a determined variable on the behavior of a process, when 
the comparison is made by the average of samples.

The randomization is a technique of experimental planning, purely statistic on which the 
sequence of tests is random. One of the requirements for using statistical methodology, in the 
experimental planning and analysis of the results, is that variables studied and observed
experimental errors present a random characteristic [5],

A block is a portion of the experimental material whose characteristic is to be more 
homogeneous than the full set of the analyzed material. The use of blocks involves 
comparisons of factors of interest in the tests within each block. In Figure 2 is shown a
factorial design 23 separated into two blocks (A and B) and in the Figure 3 is exemplified a
sample divided in homogeneous subgroups or blocks. This technique allows neutralizing the 
influence of factors that has no interest in the study. Even though these factors may influence 
the result, it must be considered when planning to avoid or minimize confounding [2],
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Figure 3: Division of the sample into relatively homogeneous subgroups or blocks

3.2 Statistical Data Analyses

Each scientific problem will raise one or more conjectures. Each solution or response for this 
problem that can be verified empirically constitutes on a scientific hypothesis or a research 
hypothesis. A set of results and observations is necessary so that the hypotheses can be 
verified or tested. This can be done directly or indirectly by means of its consequences [5, 6],

As said by Montgomery [7] the primary objective of statistical control is the systematic 
reduction of variability in key product, providing the necessary tools for evaluation and 
improvement of processes, products and services in a robust manner and comprehensive. 
Meantime, these tools also depend on the quality of information and how data are collected,
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processed and interpreted. For that reason, it is extremely important a methodological rigor in 
the collection and data treatment. It will be described some of these tools.

2.1.1. Analysis of variance (ANOVA)

The analysis of variance (ANOVA) compares the treatments, namely, compares the averages, 
but requires the calculation of the variances. It is done by means of normal distribution 
studied by Fisher, known as the F distribution, and is used to evaluate if the differences 
observed between the averages of the samples are statistically significant. Therefore, the 
ANOVA consists of studying the variability possibly occasioned by factor under study, using 
the data to conclude if it's just random (the factor has no effect) or significant (the factor 
influences) [8], The following hypotheses are tested:

• H0: The factor has no effect the results;
• Hi: The factor influences the results.

For this test should be determined the confidence interval, normally it is used 95%, and 
consider the degrees of freedom of the experiment, so that calculated F is compared with the 
critical F. If the calculated F is less than the critical F, the null hypothesis (Ho) is accepted, 
and if calculated F is greater than the tabulated (critical) this hypothesis is rejected [2],

A completely randomized experiment can be written as the following model equation 1:

Y i j  ~  H-i "h £ i j  (1)

The answer (Y^) model of the experimental unit is given by the true average of all possible 
answers (|ij) increased by an amount of error (Sjj).

The analysis of the residuals is fundamental to make possible to evaluate the goodness of fit 
of any model. If the model is inadequate, the residual graphs exhibit a nonrandomized 
pattern. The analysis of variance is an experiment completely random and demands that some 
assumptions to be made about the errors, without which the result analysis is not valid. It 
should only be applied to a set of the observations, if they satisfy the assumptions of 
independence, homoscedasticity, and normality [9],

2.1.2. Calculation and analysis of the effects

To measure the main effect of a given factor is enough to make the difference between the 
mean response at the top level and the mean response in the lower level of this factor. The 
effect of the second order interaction is calculated as half of the difference between the means 
of two factors [4],
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2.2.1.1 Pairwise comparisons (Student’s t-teste)

The hypothesis test about of the population can be made for the comparison of two means of 
two groups. The first hypothesis is that the means are equal, called null hypothesis (Ho). The 
second one establishes that the means are different, called alternative hypothesis (Hi). This 
can be written as follows:

• Ho: the means are the same;
• Hi: the means are significantly different.

A test proposed at the beginning of the last century for the comparison of two means (Student 
t-test) well known and used even today on all experimental sciences and can be carried out in 
two conditions:

• the groups are independent (i.e., when a completely randomized experiment was made);
• the groups are paired (i.e., when an experiment was done in blocks, each block taken as

a unity).

2.1.3. Errors

Generally all experimental works, although many of them automatized, are subject to small 
variations, because even the instrumentation has limits regarding the number of significant 
digits of the value to be quantified. Each step of the experimental work will involve certain 
number of operations that are also subject to errors. Additionally, any measure is always 
affected by errors which may, or may not, be significant. Therefore, there are errors 
associated to all responses, from the experimental works and from the measurements. This 
must be taken into account, especially in the experimental planning, as aforesaid. [2],

2.1.4. Sample size

In establishment of any experimental design, the choice of the sample size or number of 
replicates (n) to be used is important. Operating characteristic curves can be used to provide 
guidance in making this selection [7], In laboratories, where every day procedures are 
performed over and over, it can have an estimation of the standard deviation (s) obtained 
from a historical series of reasonable extent, the difference between the t-distribution and the 
normal distribution is no more a matter. In this case, the determination of sample size can be, 
then, estimated by using to the equation 2. The value of s is calculated based on the 
measurements performed over time, the desired precision (s) and with degrees of freedom (t{)) 
equal to (n-1) of the correspondent sample [2],

Medeiros [10], studied compressive strength data from cementation process, and he obtained 
a standard deviation of 1.12 MPa, [11] in order to detect a difference greater than or equal to
3 MPa between any combinations of treatments. Assume alpha probability of 0.05. Using 3
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replicas, the risk Beta was calculated, being approximately 0.02 or 98% to reject the null 
hypothesis, if the differences in the compressive strength mean values between the levels of 
any factor is greater than 3 MPa.

2.1.5. Determination of the number of measures

According to Medeiros, Neto and Montgomery [10, 2, 4] research quality is guaranteed by 
the quality of its data and one of the usual ways of obtaining reliable data is to perform more 
than one measurement for the same experimental unit. To evaluate the random error the 
samples were raffled. The measure used to calculate the number of measures was the 
intraclass correlation coefficient (p) which is the quotient of two variances and is limited 
between 0 and 1. It is said that reliability is high if p  assumes a value close to 1. The study 
was also considering the economic factor, using four measures for each test, because this 
number provided a reliability of 0.90 to the compressive strength and 0.80 for the tensile.

3. EXPERIMENTAL

To establish the experimental work both cementation systems -  LABCIM and ITQC -  were 
analyzed and the variables involved in the process. Finally the historical data were analyzed 
to plan the experimental design.

3.1 System Description

The Systems used for cementation of the wastes in CDTN are at LABCIM and at ITQC.

3.1.1. Cementation laboratory -  LABCIM

In the Laboratory of Cementation of 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, and therefore able to produce reliable 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 [1],

3.1.2. Installation of cementation - ITQC

The cementation facility -  ITQC / CDTN -  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 compactable solid wastes. It is an out-of- 
drum system. There is a coupled on-line electronic weighing system, with which it is possible 
to make a precise mass balance, avoiding problems during and after the cementation [12],
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Due to the diversity of activities from the CDTN’s research laboratories, different types of 
waste are generated with specific characteristics, needing therefore establishment of the 
parameters and materials differentiated for the solidification process at ITQC.

The parameters assessed, usually during the cementation process are: order of material 
addition, density, viscosity, setting time and homogeneity. The parameters evaluated in the 
product are: compressive and leaching strength, density and homogeneity. The quality control 
of the solidification process of wastes at ITQC and in the final product is conducted at 
LABCIM. This control is performed to ensure that the final product satisfies the requirements 
of national standards [1],

3.2 Survey of variables

The paste properties (setting time, slurry density and viscosity) and the solidified product 
ones (compressive strength, leaching rate, product density) vary significantly due to the large 
number of variables in the process, among which some are mentioned: the type of waste, the 
water / cement ratio (a/c), the ratio sludge / cement, the cement type and the mixing 
process [13],

The Brazilian standard CNEN-NN-6,09 [14] 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 compressive strength and tensile properties, 
at 28 days, greater or equal to 10 MPa and 1.0 MPa, respectively.

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 mud 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 / cement [15], The ratio water and cement is the most 
important factor in relation to resistance, since this variable influences other factors and is 
independent of any other [16],

The viscosity of the paste is its degree of workability. Each type of mixing equipment 
requires a range of workability for that paste reaches the desired homogeneity and thus 
maybe obtained good quality products [17],

In mixing systems, the agitators or mixers are typically dimensioned specifically for each 
value of viscosity, may be supplied with multiple ranges of power, rotation, shaft length and 
propellers specially designed for products of different viscosities. Variables such as agitation 
level (low, medium or high), product characteristics (density, viscosity and others) tank 
format (cylindrical, flat bottom, conical bottom), are all taken into account in the choice of 
mixer in order to obtain best results for each process. Therefore, the determination of 
viscosity is an important property for both the establishment of processes and equipment, as 
for obtain homogeneous products meeting criteria of the norms [12],

Another parameter used to ensure the homogeneity of the solidified product is the preparation 
of the paste, in sufficient quantity, to fill completely primary packaging (drum), in the 
possible shortest period of time. With prior knowledge of the density is possible to calculate
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the required volume of paste, without exceeding the capacity of the mixing vessel [16], The 
density of hardened paste is the mass per unit volume including the voids, and its 
determination enables the calculation of the amount of the paste and the evaluation of the 
compactness degree of the solidified product [17], The density of the product is related to its 
strength. As higher the density of the solidified product as better it is, that means that it has 
less porosity, and consequently a greater compressive strength.

The setting time is defined as the time from which the water present in the waste or added on 
comes in contact with the cement, and the chemical reactions are initiated, whose 
consequence is its gradual hardening. It is an indicative of compatibility between the waste 
and the cement in the solidification of the slurry, and if it does not happen, means that there is 
no compatibility between them. Also, during the mixing process (cement and waste) should 
be ensured that the paste does not solidify before its complete homogenization, in order not to 
damage the mixture system. Then it is necessary to known in advance the initial and final 
times hardening of the paste to avoid this risk [18],

3.3 Historical Data Study

As presented by Haucz et al [1] it was compared the tests results, pastes and solidified 
products, made from 1989 to 2002 in the LABCIM and in the ITQC. The statistical tools for 
this evaluation were: "F-test" and "t-test". For the parameters, setting time, water ratio and 
cement and of pastes density, it could not assert that there was difference between them. For 
the viscosity results, the pastes prepared in the ITQC showed lower values than those 
prepared in the LABCIM.

For the product solidified, after 28 days of curing, the results evaluated were: the compressive 
strength and the density. Those that were prepared at the LABCIM showed greater values for 
compressive strength than those prepared at the ITQC.

The conclusion from this study [1] pointed out that:
• The mixture system at the ITQC provided better efficiency than that at the LABCIM;
• The need of establishing a standard procedure for sampling the sludge;
• The relation sludge and cement was not exactly the same for the cementation in both 

systems, and
• Finally the number of samples may not have been statistically appropriate.

4. DISCUSSION

In the literature review can be observed the points discussed in the next paragraphs of this 
item.

In the cementation process the ratio between water and cement (w / c) is an independent 
factor and influences directly some properties of the paste (viscosity, workability, 
homogeneity and density) and consequently some of the product (porosity, homogeneity, 
density, compressive strength, presence of cracks and free water), in addition to being an 
important factor for the suitable operation and durability of the mixing equipment.
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The mixing time factor is relevant because it has great influence on the homogeneity and 
workability of the paste. Its control is essential to the operation of mixing equipment because 
the cement hydration reactions are initiated by contact with water and can occur the initial 
setting time of the paste, causing damage to the mixing equipment.

The type of cement interferes in the final product strength, once its specific properties 
interfere on its compatibility with the sludge (waste) due to its chemical characteristics.
The mixing systems or mixers normally are dimensioned specifically for particular value of 
viscosity and they are supplied with various power ranges, rotation, shaft length and 
propellers. Thus, this study aims at comparing the two mixing systems existing at the CDTN, 
providing a procedure in order to obtain reliable data for the extrapolation of results of 
LABCIM, improving the efficiency of the cementation in the installation.

Then there are 3 factors (A, B and C) and 2 levels (slow and high) resulting in a 23 factorial 
design with 3 replicates as shown in Table 1 and will be made at least four measures for 
compressive strength test. To measure the viscosity and the setting time will be made 2 
measures per test. The experimental design presented in Table 1

Then based on the presented study were selected the factors following and illustrate in the 
Table 1:

• The ratio water and cement because has influence indirectly at the compressive 
strength and obtaining homogeneous final products (0,45 and 0,50).

• The mixing time and is directly related to the workability the paste formulation
homogeneity of the solidified final product (10 and 20 minutes);

• The type o f cement (CP IIE  32 and CP IV);
• The velocity o f mixed in LABCIM searching to find a mixture similar to the mixing

system ITQC whose speed is fixed.

Table 1: preliminary planning for the tests

Factors Slow levels (-) High level (+)
A Ratio (w / c) 0,50 0,60
B Type of cement CP II E 32 CP IV (ARI)
C Time of de mixture 10 minutes 20 minutes

Tests A B C
1 (17, 23, 22) - + +
2(6,5, 11) + + +
3 (2, 3, 14) - - +
4 (8, 12, 24) + - +
5(1, 15, 18) - + -

6(10, 13, 19) + + -

7 (9, 20, 22) - - -

8(4, 7,21) + - -

The numbers in parenthesis are the execution sequence of the tests

The response variables selected for to control in the paste are:
• Viscosity is necessary for control of the workability and consequently the homogeneity 

of the solidified products, and for the establishment of process and equipment;
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• Density for calculate the volume necessary of the paste, for complete filling of 
packaging;

• Setting o f time for evaluate of compatibility between the waste and cement in the 
solidification of the slurry and for initial moving product solidified.

And in the product:
• Compressive strength tests and tensile because, is a security requirements for 

acceptance;
• Density for comparing two formulations;
• Homogeneity (visual), requirements for acceptance.

5. CONCLUSIONS

With based on the literature review, the factorial design 23 with 3 replicas, the selection of 
factors: water ratio and cement, cement type and mixing time, are suitable for the study of 
reproducibility of assays cementation in laboratory scales (LABCIM) and installation 
cementation (ITQC).

The variables selected for the paste are: viscosity, density and the setting of time and for the 
product: compressive strength and tensile strength, density and homogeneity.

For analyze of the results will be utilized the statistical tools ANOVA for the comparison 
between compressive strength, tensile strength and density. For the viscosity and the setting 
time will be utilized pairwise comparisons (Student’s t-teste).

And finally will be written the model equation:

Y Jj= (iJ+  8_ij Y_ij=(j,_i+ s_ij
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