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ABSTRACT 
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The disposal of solidified radioactive wastes requires 

physical, chemical, and radiological characterization to 

ensure safety. Two quantities important to physical 

characterization include compressive strength and leach 

resistance. 

It is desirable to monitor strength development on-line 

in processing whenever possible. Therefore, the ability of 

nondestructive evaluation techniques to predict the long 

term compressive strength of waste forms during their 

processing was theoretically and experimentally evaluated. 

It was determined that the compressive strength of the 

mixture could be predicted through analysis of both 

rheological behavior and maturity development. Ultrasonic 

methods were shown to be less effective. 

Leach testing requires destructive analysis. The 

ability of neutron activation analysis to increase the 

detection limit of leached cobalt from cement waste forms 

containing EDTA was experimentally examined. A detection 

limit approaching 53 parts per billion was found. EDTA 

concentration had a measurable effect on the cobalt release 

due to cobalt chelation and matrix degradation. 
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CHAPTER 1 

INTRODUCTION 

In recent years the use of cement has become an 

attractive option for the immobilization of low and 

intermediate level liquid wastes generated by the nuclear 

power industry. Cementitious waste forms have proven to be 

economical and have displayed superior product performance 

in the face of a wide range of waste streams. The 

characterization of the physical, chemical, and radiological 

phenomena that occur in the cement/waste matrix is of 

obvious importance in the safety of man and the environment. 

This paper will focus on the physical characterization 

of the waste, particularly on early prediction of strength 

development and the resistance of the waste form to 

transport phenomena (specifically leach resistance). Some 

of the physical behavior exhibited by cements, such as 

leachability and long term durability, are impossible to 

test for in the processing stage because they require 

destructive tests on mature samples. These properties, 

which are destructively tested for, seem to be closely 

related to the product's compressive strength, since 

compressive strength is the single best indicator of the 
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integrity of a cement matrix. For this and other reasons 

minimum product strengths have been defined by the countries 

that use cements for waste immobilization. Nevertheless, 

regulators such as the Nuclear Regulatory Agency in the 

United States have set guidelines which require statistical 

sampling testing of the leachability and other properties in 

order to ensure proper characterization of the physical 

properties of the waste froms. 

In the case of compressive strength testing of cemented 

wastes, early assessment of product quality is desired 

because the sampling frequency for destuctive testing can be 

decreased, thus reducing both costs and secondary waste 

stream production. Other advantages of early assessment ... 

include the ability to define a reproducible product and 

procedure, thus increasing safety and preventing possible 

remedial actions, and the ease and adaptability of early, 

non-destructive testing to existing automated procedures. 

Process control is perhaps the easiest, most logical way to 

ensure compliance with established compressive strength 

regulations. It is important to note, however, that 

collection of destructive crush testing data can not be 

eliminated, but any reduction in such procedure could prove 

economical. 

The purpose of this paper is to identify and evaluate 

theoretically and experimentally quality control systems for 
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use in the mixing/early curing stages of radioactive waste 

cementation which provide an on-line early prediction of 

final product strength and which can detect changes in 

important parameters such as water/cement ratio, cement 

quality, and waste concentration. In an effort to define 

standardized procedures, the process control plan should be 

adaptable, both technically and economically, to existing 

waste processing procedures in the Netherlands, Belgium, and 

Germany; and in the future to those of the entire European 

Community or other interested parties. 

Additionally, this paper will assess the application of 

neutron activation analysis techniques to equilibrium leach 

studies for cement waste forms used in the immobilization of 

waste streams containing highly soluble chelated metal 

wastes. Equilibrium studies have shown in the past to have 

limited applications because of their inability to have 

acceptable detection limits for certain species of 

radionuclides. This limitation has hampered efforts to 

assess the effect of the organic chelates on the 

leachability of the cements. Although equilibrium leach 

testing is not standardized in the industry, yielding to the 

ANSI/ANS 16.1 dynamic testing procedure, the use of 

equilibrium testing is gaining in popularity and has been 

used in past University of Arizona studies (Ferrara, 1991), 

so it is exclusively used in the ensuing research project. 
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CHAPTER 2 

IMMOBILIZATION OF WASTES USING CEMENTS 

2.1 General Concerns 

The safe, permanent disposal of liquid radioactive 

wastes by definition necessitates that the wastes be 

prevented from reentering the biosphere. The incorporation 

of the said wastes into solid matrices is the most 

acceptable means of ensuring this. The objectives of waste 

immobilization into solids can take on different meanings 

depending on the entity interviewed, regulator or processor. 

A most difficult task has been subjected to regulators; 

to determine what is the definition of sufficient 

immobilization. Assurance of the long term reliability of 

the final product is accomplished by setting standards on 

measurable quantities, such as compressive strength and 

leach resistance, that the waste form exhibits before 

storage and/or disposal. Acceptable testing methods and 

associated acceptance criteria are thus generated to ensure 

sufficient product performance is obtained to assure 

disposal objectives are met. Characteristics of waste forms 

that have been deemed necessary to examine in the 

qualification of waste forms are discussed below. 
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From the point of view of the processor, the objective 

of immobilization of liquid waste is to demonstrate 

compliance with existing waste form standards that have been 

defined by the regulator. Compliance can be demonstrated 

through statistical sampling and examination of selected 

waste packages, or by qualification of the waste processing 

techniques (Warnecke, 1990). 

Cementitious materials have been shown to be able to 

easily achieve minimum physical and durability requirements 

at an economical price. Cement is available locally in 

almost all areas of the world. Additionally, cements have 

demonstrated superior product performance when exposed to 

geologic media. Resistance to radiation damage is also very 

favorable in cementitious materials. For these reasons, the 

use of cement has become one of the more favored options for 

low and medium level waste immobilization. 

Other technologies which are in use for immobilization 

of low and medium level liquid wastes include complete 

drying of liquid wastes and solidification into bituminous 

materials. The use of high integrity containers is being 

studied as an immobilization alternative at some utilities 

in the United States. 

In the Netherlands, both nuclear utilities use 

cementation processes to ready their wastes for disposal, 

though different techniques are employed at the two 
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stations. The specifics of these processes have been 

previously studied at KEMA (KEMA, 1991). Upon completion of 

the cementation of the wastes, the waste forms are qualified 

and shipped to the COVRA facility for storage. Currently 

there is no plan for disposal of waste in the Netherlands. 

The experiences of other countries will be utilized to 

develop a plan when necessity dictates. 

One of the most limiting factors in the economic 

disposal of nuclear wastes is the available space. Volume 

reduction methods, such as incineration, evaporation, and 

compaction, have become the standard in waste processing. 

Cementation, however, increases the volume which must be 

disposed of. From the perspective of the industries, 

placing as much waste as possible in each waste form is then 

the logical progression. Establishment of standards by 

regulators, especially of minimum compressive strength 

requirements, is the method by which safety is ensured and 

maximum immobilization potential is defined. 

The preceding discussion illustrates the necessity of 

implementation of physical performance limits on waste 

forms. Experience has shown that the compressive strength 

of the waste form is the single best indicator of the matrix 

integrity. Compressive strength decline has been shown to 

indicate microstructural distresses. The minimum 

compressive strength necessary to realize immobilization 
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potential is difficult to define; the higher the strength 

needed, the more expensive the disposal. Experience will 

have to eventually provide acceptable, empirical limits 

(Rahman, 1987). 

The degree of and rate of hydration of the cement are 

the primary factors influencing the compressive strength. 

There are several ways in which the hydration rate can be 

affected or altered, knowledge of which can be used to 

maximize the immobilization potential of cements for a given 

waste stream. The hydration of cement, in general and in 

the radwaste industry, is extensively studied and is beyond 

the context of this report. The literature search results 

at the end of this report give several sources which discuss 

cement hydration, in and out of the waste industry. 

Of equal importance to the compressive strength in 

waste solidification is the immobilization potential of the 

waste form. The intrusion of water into waste forms in a 

repository may cause corrosion and degradation of the waste 

form or may cause soluble species (including radionuclides) 

to be mobilized into the biosphere. This latter phenomenon 

is known as leaching. A waste form that will not release 

the immobilized waste it contains is a superior product 

regardless of its compressive strength or other physical 

properties. However, as stated before, the compressive 

strength is the single best indicator of matrix integrity. 
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This integrity is also the factor which determines the leach 

resistance (due to the presence of fissures, microstructural 

disorders, and/or pores) of a particular waste form and thus 

the compressive strength is intimately linked to a waste 

form's leach resistance. 

2.2 Existing U.S. and E.C. Requirements 

A portion of this research program is devoted to aiding 

in the standardization of waste treatment practices 

throughout the European Community (EC) members and 

comparison of current European practices to those of the 

United States. The existing policies of Belgium, Germany 

and the Netherlands have been studied (KEMA, 1992). The 

United States government has developed a thorough technical 

position on waste form sampling, testing, and qualification, 

defining several limits on acceptable quality. The goal of 

this portion of the report is to compare the existing 

qualification procedures and standards in the varying 

countries. As characterization of physical strength is the 

objective of this report, specific attention has been 

focused on that quantity. The leaching requirements imposed 

upon U.S. processors are also delineated. 

Of the European countries examined, Germany has the 

most extensive guidelines and regulations for waste testing 

and processing. The quality control group at the Julich 

research center (KFA) acts in behalf of the Bundesamt fur 
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Stahlenshutz (BfS) in controlling waste packaging. An 

attitude has been adopted that controlling the process 

through inspection and qualification will insure proper 

waste form performance. Product requirements have also been 

defined (KFA, 1991), and Table I compares the German 

requirements with those of America. 

In America the responsibility for regulating 

radioactive wastes is that of the United States Nuclear 

Regulatory Commission (NRC), which as part of the Atomic 

Energy Act screens and qualifies the processors of civilian 

radioactive wastes. Interpretation of federal regulations 

has led to the creation of the NRC's Technical Position on 

Waste Form (USNRC, 1991). Partly because of the widespread 

use of cementitious materials in waste immobilization, a 

special appendix has been added to the first revision of the 

document dealing specifically with the requirements for 

cement based waste forms. This document extensively defines 

the regulatory position on qualification testing and 

requirements, specimen preparation, sampling frequency, and 

reporting of mishaps in the entire processing phase of waste 

management. In addition, the individual processors are 

required to create a process control plan (PCP) that defines 

the entire quality control system in that plant. Once 

accepted and screened, the processors are not allowed to 

operate outside the scope of the plan. The elements of 



waste form qualification requirements are summarized and 

compared with those of Germany in Table I. 

TABLE I. German and U.S. Cement Waste Form Requirements 

element U.S Requirement German Requirement 

General 

Compression 

Thermal 

Irradiation 

Biodeg-
radiation 

Transport 
Phenomena 

Free standing 
liquids 

Each waste stream 
qualified using worst 
case scenarios 

> 50 psi (0.3 N/mm2) 
but maximum practical 

30 cycles (-40 to 60 C 

no damage at 10E+8 Rad 

process controlled 
using operating 

window 

> 10 N/mm2 

none, ASTM test for 
culture growth 

leach index > 6 
ANS 16.1 test 
& immersion testing 

< 0.5 % 

fissile conc. 
less than 0.5 g/1 
act. distribution 
(a max < 10 a) 

no rotting or 
fermentation 

no supernatant 
water 

In the Netherlands, the responsibility for waste 

transportation and storage is that of COVRA (central 

organization for radioactive waste). COVRA also defines 

requirements and procedures. Cemented power plant waste 

will be required to meet specific compressive strength 

limits, 35 N/mm2 for 28 day 200 1 drum compressive 
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strength, and 20 N/mm2 for 1000 1 28 day strength. These 

are met by either process control or random sampling. 

In Belgium, waste product specifications for the Doel 

power plant include limits for compressive strength (19.6 

N/mm2) and contact dose rate (0.3 Sv./hr). The procedure 

for waste treatment campaigns includes recycling as much as 

practical and is specifically designed (Laborlec, 1991). 

Comparison of American requirements to the studied 

European requirements shows that the former has more 

thoroughly defined the regulatory agency's position. A 

quick review of the data shows that processing requirements 

are not far removed from the possibility of standardization 

in the European countries. 

2.3 Effects of Admixtures/Cement Types 

The hydration of cement pastes is chemically affected, 

in either a positive or negative orientation, by the 

addition of admixtures during the mixing of the cement. 

This fact tends to support the idea that an ideal waste 

package can be defined for a particular waste stream, 

maximizing the immobilization potential while increasing the 

waste content and package performance. The choice of the 

type of cement clinker used can also, to a lesser extent, 

affect the degree of the immobilization. Because of these 

reasons, the effects and usefulness of introducing 

admixtures is briefly discussed. 
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Blast furnace slag cement, such as the HOC-A brand used 

in work below, can be used to slow the rate of hydration and 

thus lower centerline temperature in barrels. Slag cements 

have shown considerable promise in their immobilization 

potential. Strength development occurs in slag cements very 

slowly, but is higher than OPC (Ordinary Portland Cement) in 

the long term. Higher resistance to transport phenomena 

(i.e. leaching and permeability), and increased sulphate 

resistance have been demonstrated by slag cements when 

compared to Portland cements. Slag cements have also been 

shown to have lower water requirements on the average when 

compared to OPC (PCA, 1990). 

The addition of pulverized fly ash to the waste/cement 

mix has been shown to reduce the needed water to cement 

ratio. The final product compressive strength is then 

higher (PCA, 1990). This is due to the sphere-like shape of 

the fly ash particles, which can roll over each other 

increasing workability. Centerline temperature of the form 

is reduced by the addition of flyash, however, significant 

reduction has been observed to occur only at very high 

enrichment (50 %), which is a level that causes a breakdown 

in the mechanical properties strength and leach resistance 

for the waste form (Palmer, 1986). 

Fly ash and blast furnace slag are the two most 

commonly considered blending agents for cements in the 
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context of waste solidification. Other possibilities, like 

clay and sand, have been discussed (Palmer, 1986; Rahman, 

1987). In a desire to minimize unwanted chemical 

interactions and maintain a simple system, other blending 

agents have been often overlooked in cements containing 

wastes. Microsilica has been studied as an additive for ion 

exchange resin containing wastes (Howard, 1991). 

The use of air-entraining admixtures is important to 

United States processors, because of thermal cycling 

requirements. Air-entraining agents work by incorporating 

small bubbles of air into the matrix. The gas in these 

bubbles can then expand or contract when exposed to weather 

conditions and cause a reduction in thermal stresses on the 

cement. The bubbles increase the porosity of the matrix and 

therefore increase the surface area for leaching. Most 

leaching, however, is assumed to be a result of stress 

related cracking of the matrix and thus the advantages that 

air-entraining agents give are accepted even though leaching 

may slightly increase. The strength exhibited by air-

entrained concrete is higher than that exhibited by ordinary 

concretes after thermal cycling, although exhibited strength 

is lower immediately. 

Any addition of admixtures to the blend must not 

interfere with the requirements of the process and plant. 

General plant requirements on grout have been studied 
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(Palmer, 1986), and include flow characteristics, 

workability retention, temperature and setting development, 

and bleed water limits. Development and limitations on 

these quantities dictate how the waste can be handled 

(stacked and transported) and stored while still at the 

processing plant. Admixtures often accelerate or retard 

development in this early stage, and can become problematic 

from a handling standpoint at the factory. 

In general the effect of admixtures on the long term 

waste product performance is of greater importance than 

immediately observed effects. Detrimental affects observed 

at the later stages of the waste form's lifetime are often 

difficult to test for or predict. 

Admixtures which increase sulphate resistance are very 

important to waste disposal, as sulphate attack is viewed as 

a major source of product instability and failure. Slag or 

fly ash addition, in proper proportioning, has been observed 

to increase resistance to sulphate attack. There are also 

blends of OPC which contain lower amounts of C3A (3CaO-

Al203), which increases the cement's sulphate resistance 

(PCA, 1990). 

2.4 Effects of Wastes on the Cement Pastes 

The physical and chemical behavior of cements has been 

shown to be strongly affected by the constituents of the 

waste streams that they immobilize. Certain waste chemicals 
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used in decontamination and filtering show high mobility in 

cement matrices. Others break down the integrity of the 

waste form matrix. The chemicals that are of concern have 

been tabulated by the United States Nuclear Regulatory 

Commission (USNRC, 1991) and include both inorganic and 

organic constituents. Among the inorganics are borates, 

phosphates, nitrates, sulphates and various salts. Among 

the organics are organic acids, chelating agents, 

detergents, oily wastes, and organic ion exchange resins. 

In the Netherlands the two chemicals which are cemented 

at the power plants that cause problems are ion exchange 

resins and borate wastes. The ion exchange resins are used 

in purification of cooling agents at the Dodewaard BWR, and 

the borates are utilized in waste water reprocessing at the 

Borsselle PWR. The amount of waste produced and treated has 

been detailed in previous KEMA studies (KEMA, 1991). 

Because of their importance in the Netherlands, special 

attention is here focused on the effects of borates and 

resins. The presence of highly soluble chelates in 

radioactive waste forms indicate a higher potential for 

radionuclide release at a disposal site and have prompted 

one U.S. site to reject any such waste (Ferrara, 1991). For 

this reason, organic acids and chelating agents are also 

considered here. 
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2.4.1 Ion Exchange Resins 

Ion exchange resins have been employed for many years 

in the decontamination of reactor coolants. The 

decontamination is especially important in boiling water 

reactors, in which the primary coolant enters the turbine. 

The dose to workers at the power plant can be significantly 

reduced with an appropriate decontamination system that 

utilizes ion exchange cleaning. 

The effects of anionic and cationic exchange beads on 

the general performance of waste forms has been the subject 

of much study and debate. The presence of the resins can 

cause swelling, and thus cracking, of the waste form. The 

increased surface area rapidly increases the leach rate of 

the radionuclides. Competition between the cement and resin 

for water also exists. 

Research at Winfrith (Palmer, 1986) has shown that 

addition of excess calcium ions to OPC, or preferably the 

use of blended slag cements, produces products with improved 

properties (dimensional stability and leach rates). 

A most thorough investigation of the effects of ion 

exchange resins on cemented waste form stability has been 

performed in other research at Winfrith (Howard, 1991). In 

this research, acceptable waste forms were developed with 

exchange resin loadings of up to 36 % using slag cements 

with microsilica added. Industrial-scale products were 
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produced that demonstrated acceptable leach rates, 

compressive strength, and homogeneity. 

2.4.2 Borate Wastes 

Boron is used in pressurized water reactors as neutron 

poison for shim control. Borate wastes from waste water 

cleaning are usually recycled to the highest extent possible 

in most plants. Even the remaining borate in the waste 

water has been shown to have a severe retardation effect on 

the setting of the cement/waste mixture. 

Studies at Winfrith (Palmer, 1986) have tested the 

effects of using high shear mixing to increase the hydration 

rate and the effects of doping the mix with calcium salts. 

Addition of the salts proved to have a more acceptable 

result. A solid was created within 24 hours of mixing, the 

corrosive nature of the added salts on the long term waste 

form performance is subject to concern. 

2.4.3 Organic Acids and Chelating Agents 

Light water reactors require chemical decontaminations 

to increase their operating lifetime. One such chemical 

treatment is to flush encrusted surfaces with organic acids 

to dissolve and chelate the radioactive metals. The most 

commonly used of such materials are 

ethylenediaminetetraacetic acid (EDTA), Oxalic acid, citric 

acid, picolinic acid, and nitrotriacetic acid (NTA). All of 
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these materials have been placed on a 'problem list' in the 

NRC Technical Position On Waste Form (USNRC, 1991). Organic 

materials such as these are also used in detergents which 

are used to clean spills of contaminated materials. Some of 

the chemistry of chelating agents in the complexing of 

metals will be discussed later in this paper. 

There has been very little research performed into the 

effects of organics of any type on cementitious materials, 

much less on cement waste forms for nuclear wastes. There 

are several modes of interaction between the organics, 

wastes, and cements which have been proposed or 

experimentally determined. In a cement matrix, chelating 

agents can cause degradation due to the complexing of the 

calcium in the cement clinker. The early stages of 

hydration can be affected due to water competition. In the 

long term life of the waste form, radiation may cause 

molecular damage , polymerization and/or depolymerization to 

the organic molecules, changing the chemical species present 

in the waste form. Finally, organics may contribute to or 

initiate colloid development (Rahman and Glasser, 1987). 

Decomposition and degradation of the solid matrix by the 

organics has important effects upon the stability and 

immobilization potential of the waste form. The great 

solubility of chelating agents in water and the resulting 
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observation of increased chelated metal radionuclide release 

has already been mentioned in this paper. 
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CHAPTER 3 . 

QUALITY CONTROL 

The importance of quality control principles in 

radwaste disposal cannot be overstated. While this paper is 

not intended to be a lecture on the application of general 

quality control principles in the treatment of radioactive 

wastes, it is thought important that the total picture of 

the situation be kept in mind so that the ultimate goals of 

this project do not lose their focus. For this reason, the 

application of these pirinciples, both in general industry 

and in cementation processes are briefly discussed. 

3.1 General Principles 

Quality control is defined as all planned and 

systematic actions which are designed to provide confidence 

in satisfactory product performance (Simon, 1991). It is a 

system by which an acceptable level of quality of product or 

process is maintained, and involves careful planning, 

continued inspection, and corrective action when necessary. 

Quality control involves not only processing, but materials 

purchasing and qualification, consistency monitoring, and 

sampling. In general, quality control is not only the 

responsibility of the producer, but also that of the 
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customer, as it is their responsibility to ensure that the 

product is used in a fashion consistent with design 

specifications. From the producer's standpoint, however, 

assuring that the product meets specifications is the 

primary goal of quality control. 

A quality control system must integrate control over 

the following manufacturing concepts to insure satisfactory 

results (Rahman and Glasser, 1987): 

1. Process conception, development, and design 

2. Plant design and construction 

3. Plant operation 

4. Quality control of process and product 

5. Non-conformances and quality auditing 

6. Management organization 

7. Documentation 

Each of these seven areas represent a substantial area of 

study, and only the most complete plans will assist in 

ensuring final product compliance. This research project is 

in general devoted to items four and five of the above list. 

Whatever the final product of a production process may 

be, the elements which influence the necessary extensiveness 

(and cost) of a quality control plan include the producers 

own specifications and standards, the customers conditions 

of acceptance, industrial standards, and guidelines set by 

authorities (Simon, 1991). 
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3.2 Quality Control Principles Applied 

to Radioactive Waste Management 

It is needless to say that the treatment, transport, 

storage, and disposal of radioactive materials offer unique 

challenges. An adequate quality control program is an 

absolute necessity for the safe and economic treatment of 

the waste streams. 

The objective of radioactive waste management is the 

safe handling, conditioning, storage, and disposal of waste 

streams. The emphasis in the entire waste management 

spectrum is on safety, more so than in any other industry. 

To achieve the overall protection goals that regulatory 

agencies set, quality assurance is an invaluable component 

in every phase of the waste's lifetime (Simon, 1991). 

Process qualification has been found to be an 

acceptable means of assuring control of the products of 

waste treatment, including cementation processes. For 

process qualification, it is necessary that the bandwidth 

window and operation mode be defined, including 

instrumentation parameters and data logging. Also necessary 

to define are the chain of responsibility, a 

characterization of the primary wastes, a process 

description, and the classification of waste form groups and 

packages (Warnicke, 1989). A derivative of the preceding 

process qualification procedure is used in Germany as a 
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means of quality control of waste treatment by the product 

control group at KFA, where a process handbook is used to 

monitor and collect data at all steps of waste treatment. 

In the United States, the Nuclear Regulatory Commission 

requires all utilities to provide a process control plan 

(PCP) which describes the envelope within which all 

processing and packaging of low level waste will be 

accomplished to provide reasonable assurance of compliance 

with regulations (USNRC, 1991). Extreme detail on process 

descriptions, irregularities, and documentation thus form a 

legislated quality control program which each plant must 

produce individually during the licensing procedure. The 

details of acceptable quality control programs (what must be 

tested for, acceptable tests, frequency, and acceptable 

variances) is documented in the Technical Position on Waste 

Form (USNRC, 1991). 

A quality control program has been implemented at Oak 

Ridge National Lab (ORNL) that deals specifically with 

cementation of liquid wastes. To accomplish the goals of 

quality control the grout technology group at ORNL has 

structured its QA programs around control of materials; 

reporting; peer reviews, documentation and reporting; data 

generation, collection, and analysis; training and 

certification; instrument calibration; and internal and 

external auditing (McDaniel, 1987). The specifics of the 



program have been published and are too detailed to 

elaborate on here. 
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CHAPTER 4 

NONDESTRUCTIVE TESTS FOR USE IN PROCESS 
CONTROL OF WASTE CEMENTATION 

In-situ/nondestructive testing of concrete has in the 

past forty years proven to be a highly acceptable means by 

which to evaluate the quality of concrete with regards to 

its uniformity, durability, and. other properties. In 

addition to having been widely used to provide quality 

guidance in the concrete industry, nondestructive testing 

has proven to be preferable to other quality methods for the 

specific case of radwaste solidification. The small size of 

test specimens used in destructive testing can lead to 

statistical problems when the dimensions of a defect are 

similar to that of the specimen. The economics of 

nondestructive testing are also favorable, especially in the 

light of the relatively high cost of radwaste processing. 

The reduction in secondary waste stream production may be 

the biggest factor in the selection of nondestructive 

testing for radwaste processing. 

Waste treatment and waste inventory from waste release 

up to final storage must be controlled. Wherever possible, 

continuous process control by application of testing methods 

during mixing is preferable above verification just before 
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storage (intermittent process control) because of its higher 

reliability, traceability and adaptiveness to corrective 

action. For this reason, on-line, nondestructive tests have 

been selected as the most favorable means by which assurance 

of product compressive strength quality in the cementation 

of radioactive wastes is accomplished. As was previously 

stated, leach tests by their very nature require destructive 

testing and will be discussed below. 

Significant properties associated with the quality of a 

cement waste form include leach resistance and 

durability/stability (both chemical and physical strength). 

Studies have shown that the waste form's strength, which can 

be nondestructively determined, is related to leach 

resistance due to the fact that superior strengths are the 

result of the same phenomena which reduce leaching, such as 

tightly structured matrices with low porosities and surface 

areas (Price, 1985). 

4.1 Qualities of Acceptable Tests 

Keeping in mind the justification for selecting on

line, nondestructive tests explained above, it becomes 

possible to evaluate in general the desirable qualities of a 

test that promote the assurance of quality products. An 

acceptable test must: 
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- be economically adaptable to existing processing 

procedures 

- be technically easy to apply and implement 

- reduce, as much as possible, the production of 

secondary waste streams 

- be adaptable to remote control techniques, thus 

reducing worker exposure 

- produce data which are intelligible to operators 

- be sensitive to changes in the long term quality 

of the waste form 

- be applicable in controlling quality in the face 

of several different waste streams 

- be very sensitive to changes in water to cement ratio, 

-deemed the single most important contributor to waste form 

instability and processing variability 

- be adaptable to well defined procedure controls 

- operate on-line during mixing or in a time frame 

shortly afterwards (early curing), so as to enable 

corrective actions 

- allow for the use of computer based data collection and 

analysis wherever possible 

- be able to be applied to each and every sample. 

Although a single test may not meet all of the above 

requirements, the test which meets the most of the 

conditions or a combination of two or more testing methods 
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will determine which process control situation is the best 

adapted to a given processing procedure. 

4.2 Tests Worth Further Study 

Several nondestructive tests have been identified which 

can be used to determine the compressive strength of 

concrete. There are fewer nondestructive tests which can be 

used to predict strength development during the mixing or 

early curing stages of processing, and there has been 

relatively little research performed to date in this area. 

The desirable qualities of a testing procedure, which were 

discussed above, will determine which nondestructive tests 

that currently exist merit further research in the context 

of quality assurance in waste solidification processes. 

Available tests include surface hardness and 

penetration methods, pullout tests, maturity analysis, 

ultrasonic pulse velocity development, electrical impedance 

measurements, gas permeability, and torque of mixer 

measurement. All of these tests should theoretically be 

able to make strength predictions possible. Other 

nondestructive tests have been employed to determine other 

qualities of waste forms (such as tomography to search for 

foreign objects). 

The use of penetrometer, rebound hammer, and pullout 

tests have not been employed in testing cemented radioactive 

wastes, due in part to secondary waste stream generation and 
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inconsistencies on surfaces. In addition, these tests would 

be difficult to perform in an on-line situation, as a 

completely hardened surface is necessary, and a considerable 

depth near the surface must also be hardened. In some waste 

forms, like those containing borate wastes, a hardened 

slurry is often formed after a great deal of curing. 

The measurement of the paste's electrical impedance 

during mixing and early curing has been performed at 

Winfrith (Price, 1985). The impedance measurements have the 

advantage of being able to be measured throughout the entire 

mixing process. The impedance varies as the chemical 

composition of the paste changes due to hydration reactions. 

Impedance measurement was thus shown to be a valuable 

technique for measuring hydration. Problems encountered in 

the research included contact resistance, overheating of 

full scale (200 L) probes, and calibration. The reactions 

of the tests when subjected to different waste streams was 

unavailable. Impedance measurements may therefore be worth 

further study for waste treatment, however, availability of 

funds, time, and equipment have eliminated this method from 

further study in this research project. 

The same Winfrith study investigated the use of gas 

(helium) permeability, to somewhat less success than 

impedence and torque measurements. The presence of surface 

defects and crack formation caused "near surface bulk 
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leakage," which fouled results (Price, 1985). It was 

discussed that it would be very difficult to eliminate such 

cracking, especially in the industrial-scale operation. 

The use of maturity concepts, torque or power 

consumption of the mixer, and ultrasonic pulse velocity 

development were chosen to be worthy of experimental 

investigation for this research project. The uses, 

limitations, and characteristics of each has thus been given 

its own section below. 

4.2.1 Rheological Analysis During Mixing 

Monitoring the properties of the cement paste as it is 

mixed by analyzing the mixer or mixture characteristics is a 

promising method for quality assurance purposes. The 

thickness or workability of a cement/waste mixture should be 

related to the water to cement ratio, and a thinner mix is 

obviously easier for a mixer to stir. For a given waste 

mix, once averages and an operating window for processing 

are developed, each sample can be tested ensuring consistent 

operation during processing. 

The advantages of such a system include the ability to 

test each barrel or load during their mixing, and easy 

adaptiveness to remote technology and to existing systems. 

At both plants in the Netherlands, the power consumption or 

current to the motor is already checked to detect 

abnormalities (KEMA, 1991). Testing during mixing, as 
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opposed to during early curing, allows for an excellent 

opportunity for corrective action when unexpected events 

occur and insures that a consistent product is produced. 

However, the sensitivity of such a system to long-term 

strength deviations needs to be studied, as many variables 

may not be accounted for in such an analysis. 

Theoretically it is possible to monitor the fluid 

properties of a liquid waste and cement mixture as the 

slurry is being mixed. It is important, however, to keep 

reservations when performing such an analysis, since a waste 

slurry is a suspension of various size particles and not a 

true liquid, and since the slurry is constantly undergoing 

exothermic chemical reactions. Also, cement pastes tend to 

thicken on standing and thin when subjected to shearing. 

These facts eliminate the ability to classify cement pastes 

as true Newtonian liquids, and consequently a true viscosity 

for the paste cannot be defined. For this reason, labelling 

of the performed analysis as 'rheology analysis' is a 

misnomer. 

The non-Newtonian nature of cement pastes does not 

preclude, however, rheological-type analysis providing a few 

adjustments are made. For a Newtonian material, the 

deformation rate (mixer speed) versus torque (note that 

torque is motor power divided by mixing speed) curve passes 

through the origin and is linear. The slope of the line is 
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defined as the viscosity. In cement pastes, there is a 

minimum torque which must be applied to initiate movement of 

the paste, then application of more torque will 

correspondingly increase the mixer speed. The resulting 

speed versus torque curve is not necessarily linear, and 

will not pass through the origin. For this reason, more 

than one data point is needed to define the speed vs. torque 

relationship. In current processing, only the power at one 

speed is checked. This method is insufficient, as the curve 

could theoretically arrive at that point in several ways. 

If the curve is assumed to be linear, the resulting 

fluid is called a Bingham fluid, and the slope of the line 

can be defined to be an 'apparent viscosity'. This is the 

method of approach used by Tattersall (Tattersall, 1991). 

Analysis of the resulting curves makes compressive strength 

predictions possible. The reader is referred to the 

reference for the exact details of data reduction and 

analysis. 

In research performed at Winfrith (Palmer and Smith, 

1986), speed versus torque curves were generated to 

determine the efficiency of several mixing systems. Curves 

were obtained which at low speeds were very noisy, but at 

high speeds were somewhat linear. These results tend to 

support Tattersall's model of a Bingham fluid. These 

results also imply that this method of analysis is very good 
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at detecting homogeneity of the mixture, less homogeneous 

mixtures tend to result in a noisier (less linear and 

oscillating) speed versus torque plot. The final step of 

trying to apply the resulting curves to a process control 

situation was not a goal of their project and was 

consequently not performed. 

A research project that did have the final goal of 

quality control analysis was also performed at Winfrith 

(Price, 1985). The measurement of torque as a function of 

time throughout the mixing of the waste form was performed. 

The result was a characteristic signature which monitors the 

consistency of the mixing procedure from barrel to barrel. 

The effects of varying paddle speeds were also explored to 

determine if optimization was possible. It was shown that 

increasing paddle speed beyond a certain point does not 

increase the mix quality, and has detrimental effects such 

as higher paddle stresses and splashing. The torque-time 

'signatures' seem to be somewhat less useful than the speed-

torque plots discussed above. 

Several factors can affect not only product quality, 

but also results of rheological testing. If this method is 

selected as a means of process control, optimization of 

these factors is a necessity. Factors that have been 

identified as affecting results include: 
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- mixer paddle design 

- cement or waste addition rate and technique 

- mixer speed or shearing rate 

- time of mixing and measurement 

- cement type or admixtures 

- waste components 

- curing method 

- mixer changes due to resistance heating or other effects. 

The design of the paddle as a viscometry device is an 

essential factor which must be optimized. When using 

cements, conventional viscometry devices are useless because 

of development of plug flow and the stiffening/thinning 

effect of shearing discussed above, the ideal mixing paddle 

would constantly move through an untouched portion of the 

paste (possibly planetary), prevent any segregation or 

settling, and be inexpensive and have little volume (if left 

in barrel). 

4.2.2 Early Maturity Evaluation 

A popular method of nondestructive evaluation in Europe 

is the maturity concept. Concrete research has established 

the fact that early strength gain of a particular concrete 

is a function of the curing conditions (including ambient 

temperature and humidity) and its age. The maturity method 

basically involves integrating the temperature development 
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over time for the curing cement, and correcting for factors 

such as the type of cement used and initial temperature. 

The method has been employed to investigate the in-situ 

early strength gains in large concrete structures, such as 

the cooling intakes at the Seabrook power station (Mulhatra, 

1984). 

The maturity concept has the advantages of being 

applicable to every barrel, producing accurate and precise 

results, relying on established technology, and being 

economically adaptable (thermocouples are cheap). 

Disadvantages include the time required to get satisfactory 

results (which may be too great to be considered 'on-line'), 

positioning of the probes without disturbing the waste form, 

consistency problems due to initial temperature changes 

throughout the workday, and inability to (usually) monitor 

during the times of greatest hydration. Retardation or 

acceleration of•hydration by waste concentrated in the near 

field of the probe can also cause significant effects on 

results. 

To date, there has been little research performed on 

the use of maturity concepts in such a small application as 

casting individual barrels. Also, in the past, the maturity 

has been directly related only to the cement strength at 

that particular instant in time. It is one of the goals of 

the ensuing experimental evaluation to evaluate the 
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relationship between maturity during the early stages of 

curing to the long term compressive strength development of 

the waste forms. 

4.2.3 Ultrasonic Pulse Development During Curing 

The velocity of propagation of an ultrasonic pulse 

through a given solid is related to the elastic modulus, and 

consequently the compressive strength, of that solid. This 

fact has been widely exploited throughout the concrete 

industry as a means of nondestructive testing of concrete 

quality. It is also possible to use ultrasonics to monitor 

strength development in cemented materials. Increases in 

pulse velocity indicate an increase in strength. 

Ultrasonics include pulses with frequencies above 

approximately 20 kHz. They are longitudinal waves which 

travel in any elastic material (a confined fluid or gas, or 

a solid). The waves can be transmitted, reflected or 

converted upon interfacing a material. Information is 

usually collected in transmission mode (EPRI, 1991). 

The pulse velocity technique is excellent for 

establishing the uniformity of cemented wastes, and can also 

be applied in-situ to estimate strength. Other advantages 

include the ability to achieve substantial penetration and 

the ability to detect small flaws. The method is also 

highly adaptable to automation, and there is a plethora of 

adequately trained personnel to analyze data, since the 
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method has been around so long. There are several 

disadvantages to using ultrasonics. The use of pulses on 

liquid or pastes (required for on-line analysis) is subject 

to concern, as little research has been performed here. The 

point of contact may also be a problem due to contact 

resistance, and the wave might travel through the container 

faster than the cement. The relationships between velocity 

and strength are affected by a number of variables, such as 

the presence of foreign objects in the mix, moisture 

conditions, and degree of hydration. Scanning is also 

required if a large container is to be completely checked, 

as checking a small area may lead to false assumptions. 

Research done at the Electric Power Research Institute 

(EPRI) has shown that prior to substantial progress in the 

hydration reaction, ultrasonic waves are highly absorbed in 

cement media. This may mean that the wave velocities are 

not sensitive to the reactions leading to setting, 

indicating that ultrasonics may not be suited for on-line, 

early, nondestructive compressive strength predictions. The 

canister, however, was not shown to be a problem and the 

need for no further advancements in technology made testing 

using ultrasonics attractive (EPRI, 1991). 
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CHAPTER 5 

DESTRUCTIVE METHODS FOR LEACH TESTING 

Although several countries do not maintain a leach 

testing requirement for solidified radioactive wastes, the 

United States government does require waste forms to pass a 

standardized leach resistance test. Laboratory tests have 

been developed to assess the effect of water, brine, or 

other solvents when they intrude upon a waste matrix which 

contains soluble species, such as cesium or complexed 

metals. 

Resistance to leaching of radionuclides is not 

mentioned as a requirement by 10CFR61, the U.S. regulations 

on low level waste land disposal. Minimization of contact 

with waste by water is, however, voiced as a concern in that 

document. This minimization is stated to be necessary for 

minimization of radionuclide migration, and thus leach 

resistance requirements were outlined by the Nuclear 

Regulatory Commission. Leaching of radionuclides to the 

near field of the waste form is the first step by which a 

potentially large pathway for release to the environment can 

develop (USNRC, 1991). 
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In any leach testing procedure, the testing for ions 

which have migrated from the waste form is critical. Very 

sensitive methods must be defined because of the low 

concentrations present in the leachant. Additionally, it 

may be necessary to test for several different elements or 

chemical species to achieve complete results. Several 

elements (Cs, Cr, Cu, Fe, Mn, Mo, Ru, Zr, Ni, actinides) 

contained in waste streams exhibit different valence states 

and chemical characteristics which determine that particular 

isotope's stability or release from a matrix (Zamorani, 

1992). To relax difficulties due to the number of species 

present, several 'key isotopes' have been identified and are 

tested for in leach testing. Typical 'key isotopes' include 

cesium, cobalt, and uranium (Ferrara, 1991). The pH of the 

cement/leachant mixture, which can vary from cement to 

cement, may also have great effects on the release rate of 

radionuclide wastes. 

The low solubility of some species in water, such as 

cobalt, has led to difficulties in past research (Ferrara, 

1991) in determining concentrations after leaching. This is 

one exeunple which illustrates the need for better detection 

methods. This is the justification for using neutron 

activation analysis of leachant in the experiment performed 

below. 
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5.1 The Leaching Process 

It is safe to say that a waste that is immobilized in 

cementitious matter will not reenter the biosphere unless 

the waste comes into contact with mobile aqueous media. 

Once the waste comes into contact with such water, a 

diffusion or quasi-diffusion mechanism can cause 

radionuclides to move into the water. The water then must 

be able to move back into the surrounding environment, 

carrying the radionuclides, to complete the release 

(Zamorani, 1991). 

Once buried, the container which hosts the cement (i.e. 

the steel drum) cannot be accounted for as a barrier between 

water and waste in a defense in depth scenario. The reason 

for this is that, in order to keep worker doses as low as 

reasonably achievable (ALARA), waste barrels are often 

disposed of in bulk quantities by piling them up and 

bulldozing them. Such a procedure was employed at the Assa 

salt mine in Germany before closure. The existence of the 

steel drums was for transportation and handling only, and 

drums were often dented or damaged upon handling (causing 

nucleation sites for possible corrosion). This is not the 

case, of course, for high integrity containers which are 

being examined at some U.S. processors. The treatment of 

the waste drums could cause stress or cracking of the waste 

forms and initiate leaching mechanisms. 
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The method by which radionuclides are leached from 

cement can be explained as a combination of two processes 

(Zamorani, 1991). Surface wash-off is the first and is not 

diffusion related. The second is static diffusion, which is 

very dependent on the integrity, pore chemistry, 

microstructure, and porosity of the cement/waste matrix 

(Rahman and Glasser, 1987). The pH of the cement in an 

aqueous media can change due to the dissolving of 

portlandite (Ca(OH)2), and this pH change can affect the 

leach rate. Matrix decomposition is heavily dependent on 

the water conditions (static or flowing) in the repository, 

and these conditions determine the type of testing procedure 

that needs to be adopted (Zamorani, 1991). 

5.2 Types of Leach Tests 

The study of the release of materials from a matrix can 

generally be divided into three groups. The most 

traditional tests are the static and dynamic (or flow) leach 

tests. More recently, the study of equilibrium 

concentrations of species has gained popularity (Ferrara, 

1991). Once data has been established, there are computer 

codes that are used to benchmark experimental results. An 

example of such a code is the EQ3/6 chemical equilibrium 

code (Wolery and Daveler, 1989), which is a versatile code 

that can be used to model the equilibrium of species in a 

aqueous geochemical system. Detection limits and accuracy 
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of instrumentation are of utmost importance in ensuring 

proper results are observed in any leach test. 

Static leach tests are done by immersing the waste form 

in a solvent (usually water or brine), and changing the 

solvent on a prescribed schedule. The concentration of the 

species of interest in the leachant is then determined. 

Examples of standard static leach tests are the ANSI/ANS 

16.1 (ANSI, 1986) test and the MCC-1 (MCC, 1984) test. The 

ANS 16.1 test is the currently required procedure in the 

United States and is further discussed below. 

The ANS 16.1 test assumes that a diffusion mechanism 

can explain the release of the soluble species, and a big 

part of the test involves determining an effective 

diffusivity for the tested radionuclide. In the test, a 

specimen is completely immersed in water, which is changed 

at a prescribed schedule for a minimum of 90 days. The data 

obtained from the test at each time period are then 

expressed in terms of a quantity called the leachability 

index (USNRC, 1991). The leachability index is determined 

by the equation (Piciulo, et. al., 1985): 

L = log (1/D) (1) 

where, 

L = leachability index (unitless), 

and D is the effective diffusivity (cm2/s) 
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The effective diffusivity is determined using methods 

described in the test specifications. Note that the one (1) 

in Eq. (1) is a constant that has units the same as the 

effective diffusivity. The test calls for testing with not 

only deionized water, but with the predictedly most 

aggressive leachant (not specified, but usually synthesized 

sea water is used) (USNRC, 1991). 

Dynamic leach tests are performed by immersing the 

waste form in running water that is being removed from the 

system at the same rate it enters. Samples are taken from 

the leachant. These types of tests are not utilized in the 

industry due to their inability to model 'real' situations 

that would be encountered in a waste repository. 

Equilibrium tests involve immersing the waste form in a 

solution and allowing the entire solution to come to 

chemical equilibrium. This is perhaps the most 

representative of the tests to a real scenario, due to the 

very low flow rate of groundwater in the near field of the 

wastes in a repository. The waste forms are often crushed 

in equilibrium tests to accelerate the approach to 

equilibrium in the leachant. Equilibrium tests have been 

studied for the case of chelate-containing wastes at the 

University of Arizona (Ferrara, 1991). 

In these equilibrium experiments, the concentrations 

observed of one of the radionuclides (Co-60) were well below 



53 

the detection limits of the system employed and results were 

thus incomplete. In an effort to increase the detection 

limit, feasibility studies were performed to determine the 

application of neutron activation analysis to the problem. 

To this end, an experiment was designed to investigate the 

method's use in detecting the presence of cobalt in the 

leachant from waste forms containing organic complexants. 
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CHAPTER 6 

LABORATORY EVALUATION OF SELECTED 
STRENGTH TESTS 

6.1 Introduction 

Three tests which may be appropriate for use in on-line 

quality control applications involving cement include 

maturity analysis, rheological analysis, and ultrasonic 

pulse velocity analysis. Experimental validation of the 

merits and demerits of each test is a cost-effective method 

of quickly determining the suitability of the tests given 

the wide scope of operating conditions that will be 

encountered during production. To this end, a simple 

experiment has been designed to evaluate the three tests on 

their sensitivity, reproducability, and reliability in 

predicting changes in mix consistency and short term (seven 

day) compressive strength. After performing the different 

tests on the mixing or curing of the cement, practical and 

statistical analysis can be made to arrive at conclusions 

which are valuable for use in the future development of 

process control plans for waste solidification plants. 
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6.2 Theory 

The experiment relies on Gaussian statistics and 

correlation theory to evaluate the relationship between a 

given, measurable (at an early stage) quantity and the 

compressive strength after a seven day curing period. In 

order to prove that control of product strength is possible, 

a relationship must be developed between the strength and a 

measured quantity, such as maturity after six hours of 

curing. 

Two measured quantities can be related to each other 

using correlation theory. Given enough observations, two 

quantities which are measured producing a Gaussian 

distribution will either show independence or correlation 

when plotted against each other. Independent quantities 

(such as the length of two different sticks) will show a 

"shotgun"" type of graph. Correlated variables do not 

necessarily show linear correlation, however, in this report 

only linear functions are assumed. In general, the higher 

the degree of correlation the better for quality control 

purposes. 

The equations used to generate all lines in this report 

are the linear least squares equations found in every 

statistics book. The correlation coefficient, r, and the 

degree of confidence are defined by Bevington (Bevington, 

1969). 
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Ensuring strength control during the mixing of the 

cement can theoretically be accomplished by analyzing the 

rheology of the cement paste, as done by Tattersall 

(Tattersall, 1991) and explained above. Since cement is not 

a Newtonian liquid (it is a suspension of particles which 

are chemically reacting), use of traditional viscometry 

equipment is precluded. Several methods for measuring the 

torque of the mixer have been identified and include strain 

gauges, electric power consumption, hydraulic oil pressure 

measurement, and optical torque transducers (Price, 1985). 

Because of the available equipment, electric power 

consumption was chosen for this study. Tattersall chose to 

use hydraulic oil pressure, and Price chose to use optical 

torque transducers. 

Once power or torque measurements to drive the shaft a 

certain velocity have been measured for different rotational 

velocities, characteristic curves can be developed which can 

be used to ensure consistency. Analyzing the shape of and 

numerical values given by the curves provides information 

about the strength of the waste form. 

During the curing of the waste form, measurements can 

be taken of the temperature development of the form with 

time. Integrating the resulting function, and multiplying 

by a cement correction factor ("C" value) results in a 

quantity termed maturity. The equation for maturity used 



was (Betoniek, 1984): 

R = 2i( t±TCn ) 

where: 

R = the maturity at the time, 

t = the width of the temp, step (5 °C), 

T = the time (hr) that the cement temp was, 

in a particular temp, step tt, starting with 

-10 centigrade, 

C = the cement factor ("C" value), 

and n = an exponent, defined for each temp. step. 

The Maturity was calculated by the thermocouple 

computers used. The "C" values were provided by the cement 

manufacturer (1.25 for OPC and 1.50 for the slag cement). 

The relationship between maturity and cement at a given 

time has been well established, and is in common use, 

especially in Europe, for non destructive evaluation. It 

should be noted, however, that this particular experiment is 

attempting to relate the maturity in the early stages of 

curing to the strength at some later time (specifically 

seven days). 

The development of the ultrasonic pulse velocity with 

time is also worth investigation. In the early stages of 

curing, while the cement is still a paste, the impedance to 

the ultrasonic pulse is caused by the inability of the 

particles to roll over each other, so what is actually being 
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measured is some type of viscosity related property. Once 

the onset of setting occurs and part of the cement has 

solidified (the top layer crusts over), the impedance to the 

ultrasonic pulse is caused by molecular vibrations, as in 

other solids. 

The observed pulse velocity through a solid is related 

to the elastic modulus, and thus the compressive strength, 

through the relation: 

v2 = AE/p (3) 

where: 

v is the observed velocity, 

A is a proportionality constant, 

E is the elastic modulus, 

and p is the density of the solid. 

The pulse velocity observed should steadily increase as 

the strength of the cement radidly increases during the 

early stages of setting. 

6.3 Experimental Method 

In order to guarantee that the results of the tests 

were consistent over a wide range of dynamic situations, 

several conditions were imposed on the testing of the waste 

forms. Included in the tests were the following phenomena, 

some inherently present, others purposely instituted: 
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1. sensitivity to the operator (experience, new 

personnel, pressure applied, ...) 

2. amount of day-to-day consistency achievable, 

3. the use of OPC or OPC/slag cements, 

4. waste enrichment (low vs. high), 

5. small (ten percent or less) changes in waste 

enrichment, 

6. small water to cement (w/c) ratio changes, 

7. changes in mixing time, and 

8. changes in cement addition rate. 

All of the changes were implemented before or during 

the mixing of the cement. Changes were avoided during 

curing to help ensure that any relation between measured 

quantities and seven day strength would not be disturbed as 

the waste form cured. 

The waste forms that were tested were in the form of 15 

cm. square cubes that were individually prepared. The 

mixing took place in a cylindrical mold using an ordinary 

electric drill tool which had a series motor. Originally a 

standard Hobart type mixer was selected but had to be 

abandoned due to the volumes involved. The setup used in 

the mixing of the samples is diagrammed in Figure 1. 

In the preparation of the samples, the amount prepared 

was 7.7 kg., and the cube's mass was around 6.5 kg. The 

difference was prepared so that scraping the mixing 
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container out after each mix (deemed a cause of 

inconsistency) could be avoided. The simulated waste (anion 

and cation exchange resins and precoat) was placed in the 

cylinder and allowed to mix at low power with about 3/4 of 

the brine (water enriched to 150 g/1 sodium sulphate). The 

cement was then added scoop by scoop, the power raised to 

that corresponding to 220 Volts, and the remainder of the 

brine added when the mixer became slow. The cement addition 

rate and the mixing speed were maintained as close as 

possible to constant. 

Once the cement addition was complete, a procedure as 

described in Figure 2 was followed, with care taken to 

ensure that all times were recorded. The time when the mix 

was homogeneous was determined by visual inspection of the 

paste. Input power was varied using the variable power 

supply, and power consumed was measured using a 

voltmeter/ammeter pair, and later using a wattmeter. The 

rotational speed of the drill was measured using a 

tachometer applied by hand to the shaft. 

A thermocouple was placed in the center of each cube, 

and readings were automatically recorded by computer for 

about 20 hours. The sample was allowed to cure in the mold 

in the mixing room for 22-24 hours, during the first 6 hours 

of which the ultrasonic probes were periodically applied to 

the surface, the response time of the signal, and distance 
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Step No. Process Time 
Description (min) 

1 Waste slurry mixed -4 to 0 

2 Begin cement addition 0 

3 End cement addition 4 to 4.5 

4 Attain good mix 5.5 to 6 

5 First vel. reading 6.5 

6 Power lowered €.75 

7 Repeat 5 & 6 four times each half 
minute 

8 Power raised back to max. 8 to 8.5 

9 Poured into cubic 10 

10 Thermocouple emplaced 12.5 

Figure 2. Mixing Procedure for Strength 
Testing Samples. 
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between probes were recorded. The setups for measuring the 

ultrasonic and thermocouple data are shown in Figure 3 and 

Figure 4, respectively. 

After the first day of curing the samples were removed 

from the cubic molds and allowed to cure in a wet room (100% 

humidity, 20 centigrade) for seven days, after which the 

samples were destructively crushed to test their compressive 

strength. 

Data on the composition of waste forms tested is given 

in Table II. HOC-A is a blast furnace slag cement and OPC 

is Ordinary Portland Cement. The waste forms mimic those 

which are manufactured at the Dodewaard BWR in the 

Netherlands. Previous studies at KEMA have identified the 

proportions needed to achieve ideal consistency. 

TABLE II. Composition of Waste Forms Used (mass %) 

Component Waste Form Waste Form Waste Form 
12 3 

cement OPC 66.0 OPC 60.0 HOC-A 65.2 

anion exch. 0.952 4.72 0.942 
resin 

cation exch. 1.13 5.63 1.13 
resin 

precoat 3.14 3.11 3.11 

brine 28.8 26.5 29.6 
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Out of twelve to thirteen samples produced each week, 

approximately eight were prepared using the compositions 

given in Table II. These samples were used to statistically 

analyze the data. In the interest of observing the dynamics 

of the given tests to small variations in the waste form 

constitution, the remaining samples were prepared with 

slight deviations of components (a little too much or little 

waste, small changes in water/cement ratio, ...). The 

information obtained from these samples was used in a 

qualitative sense to observe the effect these changes had on 

test results. 

6.4 Data Reduction 

Treatment of raw data obtained in the experiment 

involved the use of regression on various non-linear plots 

that were developed. The final goal of analyzing the data 

was to qualitatively observe trends that existed in the 

generated data and to assess the sensitivity and 

reproducability of the maturity, rheology, and ultrasonic 

tests. 

For purposes of simplicity, "on-line" in terms of the 

mixing of the waste and cement was chosen to mean the mixing 

process itself and the early stages of curing. The first 

six hours of curing was selected as a suitable time frame 

during which any process malfunctions could be identified 

and corrected before being too damaging and costly. 
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Analysis of the data obtained during testing was 

performed as follows: 

1. Rheology analysis. 

Observations were made of the power P required to turn 

the mixer at a speed v for five different power levels. For 

the first batch of samples, a voltmeter and ammeter were 

used to determine the power consumed (neglecting the motor's 

phase shift), but for the remaining two batches a wattmeter 

became available. The shape of the curves was not altered 

due to this change. 

On a plot of power versus speed, the five resulting 

points were graphed creating a characteristic signature for 

that sample. A range was identified in which all samples 

which have identical compositions should fall. An "average" 

sample was also defined. Samples which did not have the 

same composition were also plotted on the graph, but they 

were not used to determine the said range or average. 

For the samples in the control group, the power 

required to turn the shaft at certain representative speeds 

was extrapolated from the best fit curve of each sample. 

The obtained values were plotted against the seven day 

compressive strength of the samples. 

2. Maturity analysis. 

A thermocouple computer was used which incrementally 

integrated the temperature as the waste form cured. The 
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temperature was monitored in every sample, for about one day 

following pouring, but for reasons stated above, only the 

first six hours of curing were analyzed. The computer's 

output displayed the temperature and calculated maturity of 

the cement samples at twenty minute intervals. 

All times were measured from the start of pouring of 

the cement into the slurry. Since it was an average of 

around only twelve minutes until the thermocouple was 

emplaced, little error resulted from this convention. 

Plots were developed for the temperature and maturity 

as functions of time (for the first six hours) for each of 

the samples. These plots were useful in displaying trends 

that resulted due to variations in mix (for those samples 

not in the control group). The consistency of the mixes 

could also be seen from the samples. 

The maturity of the samples at four, five, and six 

hours was taken from the computer output and plotted against 

the corresponding seven day compressive strengths. These 

quantities have in the past been related using an 

exponential fit. The natural logarithm of maturity and a 

linear model were both used in determining the sensitivity 

of early maturity to small strength changes in the 

experiment. 
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3. Ultrasonic analysis. 

While the waste forms cured in the cubic molds, 

ultrasonic probes were applied to the upper surface of the 

samples at various times during the first six hours. Note, 

however, that wet samples could not be tested, as stipulated 

by the desire to reuse the probes. The pulse transfer time 

and the distance between the probes were recorded. The data 

collected ware analyzed to determine the existence of trends 

due to varying mix composition (control samples versus other 

samples). Plots were generated showing the increase in 

pulse velocity as the samples cured. Attempts were made to 

find a quantity which could relate to the seven day 

strength, but these were unsuccessful. 

In later samples it was found that the time of setting 

could possibly be identified using ultrasonics by noting a 

sharp decrease in transfer time. Some plots were generated 

to demonstrate this phenomena. 

6.5 Results 

6.5.1 General Comments 

The analysis of the collected data enabled the 

experimenter to arrive at several conclusions concerning the 

quality of the mixing process, the accuracy of the tests in 

predicting strength, and in the consistency of procedure. 
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The cemented waste forms were examined during the 

pouring of cubics and after destructive testing. It 

appeared that the waste was homogeneously distributed 

throughout the cubes in all cases. This was true even in 

samples which contained high water to cement ratios. It was 

necessary to only visually inspect the samples, as mix 

quality was not a major goal of the study. Any clumping or 

settling of contents was, however, deemed to be a possible 

cause of strength inconsistency. Settling would also be a 

major problem in the real world waste processing, as it 

would result in higher radionuclide activity and altered 

physiochemical properties in the base of the container. 

The ideal consistency of the three types of waste forms 

had been determined by KEMA labs previously. The viscosity 

is, for purposes of this research, related to the 

consistency, and the terms will be used interchangably. For 

the OPC with four percent and for the OPC with twelve 

percent waste concentrations, the given recipes produced a 

workability which was not too difficult to pour but had a 

sufficiently low slump. The slag cement used (HOC-A, 

greater than 65% slag) absorbed the water very quickly 

(higher blaine or fineness), and was difficult to mix with 

the constructed mixing system and procedure. The water to 

cement ratio was therefore raised from 0.436 to 0.453 in 

order to obtain a consistency similar to (OPC) samples. 



70 

The three tests relied on comparison of resulting 

values to the seven day compressive strengths obtained on a 

Seidner form tester. The strengths obtained for the given 

batch's control samples is shown in Table III. 

TABLE III. Seven Day Strengths of Control Samples 

Batch Number Ave. Max. Min. Standard 
Description of Strength Strength Strength Deviation 

samples (N/mm2) (N/mm2) (N/mm2) (%) 

OPC/4% waste 10 46.1 48.0 41.3 5.73 

OPC/12% waste 7 26.2 27.7 25.2 3.24 

HOC-A/4% waste 7 45.8 47.9 44.4 3.40 

The high deviation and range exhibited by the first 

batch is evidence of the effect of operator experience on 

the system. The decreased sample base in the second and 

third batches reflects the desire to obtain more samples 

with minor deviations. 

6.5.2 Rheology Analysis 

The electrical power consumed and corresponding torque 

(power/rotational speed) were analyzed as functions of the 

velocity of the mixer's shaft. The generated information 

resulted in a method which is very good at determining 

sensitivity to changes in mix, such as water to cement 

ratio. 
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The plots of torque versus velocity did not appear to 

be linear, such as those obtained in the past (Tattersall, 

1991; Palmer & Smith, 1986). The plots generated here were 

similar to a 1/x function. The cause of the difference was 

at first attributed to the use of a voltmeter and ammeter to 

measure the apparent power, but when a wattmeter was 

employed results did not change. Because of the lack of a 

linear torque/velocity function, an apparent viscosity could 

not be defined for the waste forms, as Tattersall had done. 

Although the torque/velocity plots were hard to 

interpret (and have therefore been omitted from the report), 

the rheology analysis of the mixing process did yield 

interesting results. Plots generated of the motor's power 

consumption as functions of the velocity for each sample 

were generated. The resulting plots are shown in Figures 5, 

6, and 7 for the three types of waste forms tested. These 

plots show the power consumed by the motor for some of the 

control samples (including the most deviant 'max' and 'min' 

samples), for an 'average' control sample, and for all other 

samples (those with varying water content, waste content, or 

mixing time). 

Figure 5 shows the power/speed relationships for the 

samples containing OPC with normal (4 %) waste content. A 

distinct area is created within which the control samples 

fall. This 'control area' is considerably wider at higher 
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velocities, which means that the lower speeds may be more 

sensitive to mixture variations. The two lowest curves are 

those corresponding to high water to cement ratio (0.5 

instead of 0.436), or too much waste (double). They fall 

clearly out of the control area. The other curve that is 

low occurs from a control sample that had an unexplainably 

thin mix. The mix was visibly thinner, and yet the strength 

obtained seemed normal. The existence of such a sample 

bodes poorly for the usefulness of this test in process 

control situations. 

The samples containing OPC with high (12 %) waste 

content are plotted on Figure 6. In order to make an 

assessment of the sensitivity of the tests, it was decided 

to test more samples with deviations, concentrating on water 

to cement ratio changes. The plot shows a much tighter 

control area when compared to the previous plot. This 

difference has been assessed to greater standardization in 

procedure resulting from increased operator experience. 

Comparison of the deviant curves to the control curves shows 

that the test is very sensitive to changes in water to 

cement ratio. The sample containing two percent too high a 

w/c ratio (0.450 compared to 0.441) lies at the approximate 

resolution limit of the test. One very interesting result 

is that the samples containing too little or too much waste 

contradict findings from the previous (OPC/4%) samples. 
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That is, the deviant samples containing too much waste were 

thinner than the controls. This fact implies that there is 

a waste enrichment between four and twelve percent which 

will result in a maximum slump. It is easy to see how this 

has major implications on the proportioning of mixture 

ingredients in the processing of the waste. 

Figure 7 shows similar results that were generated for 

the slag cement. This figure shows a wider spread of 

control samples than the previous figures. This fact can be 

explained by the higher blaine of the slag cement (450 

compared to 280 m2/kg), which causes the water to be quickly 

absorbed and causing a thicker mix. This thicker mix forced 

the velocities at which the power measurements were taken to 

be lowered as seen on the abscissa. Similar sensitivity to 

water content was found as in the previous batches, and the 

sample containing ten percent less waste was thinner. The 

effect of measuring at an increased time of mixing was 

studied through sample number 12, which was mixed for 12 

minutes instead of 8 before taking velocity measurements. 

This sample demonstrates that the mixes get thinner as they 

are mixed (not uncommon in cement pastes), and underlines 

the importance of making measurements at similar time of 

mixing. 

One of the major goals of the experiment was to 

determine how sensitive the tests were to changes in the 
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seven day strength. The powers to stir the mixes at three 

defined velocities were extracted from the three 

power/velocity plots and plotted against the seven day 

strength of the corresponding sample. This process was done 

for the control samples only; comparing those samples 

containing different waste or water content would be an 

inappropriate, apple/orange type comparison. The linear 

least-squares fit of the resulting scatter diagrams was 

determined, the correlation coefficient found, and the 

confidence level determined. The data points and least-

square lines can be seen in Figures 8, 9, and 10 for the 

three batches created. The least-squares numerical values 

obtained is shown in Table IV. 

TABLE IV. Data for Least-Squares Fit of Power to- Strength 

Batch 
Description 

(cement/waste), 
speed (m/min) 

Least-Squares 
Coefficients 

. (St=A*pow+B) 
A B 

Correlation 
Coefficient 

r 

Confidence 
Level 

% 

OPC/4 % 
16 
18 
20 

0.516 
0.707 

-0.495 

224 
241 
323 

0.068 
0.094 
0.051 

OPC/12 % 
16 
18 
20 

-0.858 
-1.15 
-1.59 

42.9 
52.9 
67.0 

0.787 
0.854 
0.848 

96.3 
98.5 
98.4 

HOC-A/4 % 
10 
12 
13 

1.29 
1.61 
2.00 

-34.4 
-44.7 
-59.6 

0.716 
0.750 
0.701 

88.9 
91.2 
84.6 
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The data in Table IV show that there is no significant 

correlation between the power and seven day strength for the 

first batch (OPC/4 %) samples. This fact is explained by 

the existence of the first couple of samples which were 

created, which had lower strengths than the others but had 

similar consistency. The second batch of samples show a 

strong negative correlation. This result is initially 

disturbing, stating that the thinner samples were stronger. 

One possible explanation is that the degree of compaction 

was better in such samples. The third data group shows a 

strong positive correlation. This contradiction of the 

previous group can be explained by realizing that the slag 

cement is, after seven days, still relatively rapidly 

gaining strength compared to the OPC, which has a much 

faster initial reaction, but which is slower than the slag 

cement after seven days. The thicker slag cements may have 

some differentially lower w/c ratio which would magnify the 

strength changes since this cement is at seven days maturing 

faster than OPC. The thicker slag cements may be stronger 

than the thinner ones, therefore, while the opposite may be 

true for the OPC. A longer waiting period before testing 

would verify this hypothesis. It is, however, sufficient to 

say that there exists some definite relationship between the 

seven day compressive strength and the rheology of the 

mixture. 
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The rheology test thus proves to be a very good 

detector of mixture changes and the measured power to turn 

the shaft seems to be related to the product strength. 

Further analysis and experiments need to be done to clear up 

some interesting anomalies. 

6.5.3 Maturity Analysis 

The temperature-time development of the samples after 

pouring was monitored. The temperature development of 

typical samples of the three types tested has been shown in 

Figure 11. The retardation effect of the ion exchange 

resins is clearly seen on this graph, as well as the 

expected slower temperature development of the slag cement. 

It is important to note that the maximum temperature of the 

15 cm uninsulated cube reached 90 centigrade for the OPC/4 % 

waste samples, 77 centigrade for the OPC/12 % waste samples, 

and 62 centigrade for the slag cement samples. The high 

temperatures observed would be magnified and may cause 

physical problems when upscaled to 200 liter drums. The 

reaching of saturation could also cause problems with the 

maturity function. In addition, some of the samples high 

temperature resulted in slight bowing of the cube sides, 

which may have affected compressive strength testing. The 

ambient temperature also seems to have a major effect on the 

results of the maturity. 
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From the given results, however, it appeared that 

faster initial temperature rise resulted in a better spread 

of values and a corresponding increased sensitivity of 

maturity to strength changes. Similar to that which has 

been done in the rheology analysis, the maturity of the 

cements was determined at four, five and six hours and was 

plotted as a function of seven day compressive strength. 

The resulting figures have been included as Figures 12, 13, 

and 14 for the OPC/4% waste samples, the OPC/12% waste 

samples, and the HOC-A/4 % waste samples, respectfully. As 

done in the rheology analysis, the least squares lines have 

also been shown. Since the maturity has been shown to fit 

an exponential function of strength, the natural logarithm 

of maturity has also been fitted to the corresponding 

strengths. Though not included in a plot, the results of 

this fit, along with the values for the linear fit, have 

been tabulated in Table V. 

The results in the figures and table show that the 

early maturity is very closely related to the seven day 

strength. In addition, the longer that the cement is 

allowed to cure determines the degree of certainty. This 

fact would have to be used in determining the amount of 

accuracy attainable in an on-line system, and defines what 

can be considered on-line. 
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Seven Day Compressive Strength for OPC/BFS 

With Normal Waste Concentration. 
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TABLE V. Least-Squares Fit of Maturity to Strength 

Batch Least Squares Correlation Confidence 
Descrip., Coefficient Coefficient Level (%) 
Time Linear Nat. Logarm. Lin. Log. Lin. Log. 

(str=A*mat+B)(str=C*ln(mat)+D) 
A B C D 

OPC/4% 
4 hr 4.01 -6.83 28.1 -99.6 .790 .801 98.0 98.3 
5 hr 11.6 -241 17.1 -51.2 .820 .834 98.7 99.0 
6 hr 21.4 -523 15.7 -50.2 .853 .867 99.3 99.4 

OPC/12% 
4 hr 6.66 22.9 18.6 -72.3 .786 .783 96.2 96.1 
5 hr 7.88 84.1 32.2 -156 .932 .930 99.8 99.6 
6 hr 15.0 21.1 26.6 -134 .977 .977 100 100 

HOC-A/4% 
4 hr 2.71 17.1 42.2 -162 .881 .917 99.1 99.7 
5 hr 3.11 47.7 45.0 -190 .831 .878 98.0 99.0 
6 hr 3.26 98.2 41.6 -183 .712 .761 92.5 95.5 

The sensitivity shown by the maturity to the strength 

is acceptable, over the range of two N/mm2 the maturity 

after 6 hours changes by about 40 °C-hr. 

The samples which contained high water or waste were 

for the most part indistinguishable on the temperature-time 

and maturity-time plots (not shown). The maturity method is 

therefore much more useful in determining minor variations 

in the strength that a specific mix will exhibit than the 

rheology method discussed, but the rheology method seems to 

be able to detect great changes in water to cement ratio or 

mix consistency much better. 
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6.5.4. Ultrasonic Analysis 

All attempts to relate the ultrasonic pulse velocity at 

four, five or six hours to the seven day strength failed. 

The ultrasonic machine which was available was extremely 

operator sensitive when applied to the slightly soft cement 

surface. Certain trends were apparent, such as the increase 

in pulse velocity, and thus strength, as the cement 

hardened. 

The quality bf the contact also seemed to affect the 

ultrasonic pulse velocity greatly. To alleviate the 

problem, petroleum jelly was applied to the probe and the 

surface of the waste form. The magnitude of the problem, 

though reduced, was still too great to yield intelligible 

results. 

The addition of small glass plates to the surface 

allowed for readings to be taken much earlier. The glass to 

cement contact was still a problem in some cases, but 

sufficient data were obtained to make a plot of the 

development of the pulse velocity as the waste form cured. 

The results appear in Figure 15. This figure shows the 

ultrasonic pulse velocity of a specific sample, which 

contained HOC-A at four percent waste concentration, as a 

function of the time after mixing. The large step that 

appears on the plot is believed to be the onset of setting 

of the waste form. The relationship between this quantity, 
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Figure 15. Ultrasonic Pulse Velocity as a 
Function of Curing Time 
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or the pulse velocity at a certain time, and the long term 

strength is necessary to further evaluate the ultrasonic 

test. 

The operator sensitivity, day to day reproducability, 

and probe contact problems proved to be overwhelming for the 

use of the ultrasonic test in early predictions of long term 

strength in this experiment. The well established 

reliability of nondestructive ultrasonic testing make it 

desirable, however, to further try to define an operable 

system using ultrasonics for process control. Certain 

findings in this experiment support further study in this 

area. The use of varying the pulse frequency was also not 

examined, and may be important. 

6.5.5 Sensitivity to Water to Cement Ratio Changes 

The single most important variable in the 

solidification of the liquid waste in terms of strength 

development is the water to cement ratio. The deviant 

samples created in batches two and three allowed for the 

testing of the sensitivity of the rheology and maturity 

tests to changes in water to cement ratio. Although there 

were not enough samples created to create a statistical 

basis, the general trends in the test results when subject 

to different water to cement ratios yield significant 

qualitative results. 
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Figures 16 and 17 show the power to turn the shaft at 

20 m/min and the maturity after six hours as functions of 

the water to cement ratio of the samples. The average power 

and maturity were used for the control samples. Figure 16 

is for the OPC containing twelve percent waste, and Figure 

17 is for the HOC-A cement containing four percent waste. 

The limited amount of data (2 points) dictated that a plot 

not be made for the first batch of samples. The data on the 

graphs (power and maturity) have been normalized to their 

highest value, so that both curves could be shown on the 

same plot. 

The two graphs indicate that rheological analysis is 

much more efficient in detecting changes in water to cement 

ratio than maturity analysis. In fact, data from the batch 

with the slag cement indicates that the six hour maturity 

may not be at all correlated to the water to cement ratio. 

There is reason to believe that the rheology test is even 

more sensitive to w/c changes than the compression tester 

is. One sample with a two percent higher water to cement 

ratio than the control group turned out to have a similar 

(26.1 N/mm2) strength to the control group average. The 

sample, however, was easily identified on the power/velocity 

plot. This isolated incident, while statistically 

meaningless, merits further investigation. 
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6 Hour Maturity 

Power at Shaft Speed 13 m/min 

Figure 16. Comparison of Sensitivities of 
Maturity and Rheological Analyses to Water to 

Cement Ratio Changes for OPC with High Waste Load. 
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6 Hour Maturity 

Power at Shaft Speed 13 m/min 

Figure 17. Comparison of Sensitivities of Maturity and 
Rheological Analyses to Water to Cement Ratio Changes 

for OPC/BFS with Normal Waste Load. 
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6.6 Conclusions and Recommendations 

6.6.1 Conclusions 

It is apparent from the obtained results that it is 

possible to predict the long term strength of the cement 

waste forms in the mixing or early curing stage, given a 

basis set of standards with which to compare. The quality 

of the mixes produced were acceptable, and in all cases 

appeared homogeneous. Some important parameters which 

affect the final product quality and/or measured quantities 

have been identified and include cement addition rate, 

mixture time, mixer (motor) type and paddle design, ambient 

temperature, and procedure (adding cement to waste or waste 

to cement). 

The results of the rheology examinations were not as 

expected (i.e. torque/speed curves were nonlinear), but 

nevertheless yielded workable data. Consistent operation, 

important for any quality control function, was best 

detected for this experiment in plots of consumed power 

versus shaft speed. This technique was especially good at 

detecting water to cement ratio changes, to a resolution as 

low as two percent. Less control was attainable when slag 

cement was employed, which has been attributed to the higher 

blaine of that cement. 

The relationship between power to turn a given speed 

and seven day strength introduces some puzzling phenomena. 
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Strong negative and strong positive correlations were 

observed for different mixes. The cause of this variation 

must be identified, and suggestions have been given. 

The development of high temperatures in the waste form 

could be a problem in causing thermal stresses, evaporation, 

and fouling of maturity results upon scaling up to the 

production of 200 liter waste packages. In terms of low 

temperature development, the slag cement seems to be the 

best option tested. 

The early maturity is an excellent indicator of the 

strength that a given sample will attain. Acceptable 

resolution is achievable after as little as four hours, but 

correlation and resolution tend to increase as time goes on. 

Linear and logarithmic analysis yield similar results over 

the small changes that exist, but the logarithmic 

correlation is slightly better on the average. The early 

maturity is not as useful in detecting small changes in 

water to cement ratio, and it was shown that the early 

maturity may not be a function of the water content at all. 

The attaining of a certain strength prediction, given a 

different water to cement ratio, is possible if maturity 

analysis is employed, which does not bode well for it as an 

independent quality assurance technique. 

No intelligible data was able to be obtained that would 

relate early ultrasonic velocity to the long term strength. 
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However, through refinement of procedure the use of 

ultrasonics was determined to show promise in detecting the 

time of setting of the waste form. In addition, after the 

time of setting, measurement of the pulse velocity may be a 

predictor of long term strength or consistency, but a 

better, less operator sensitive system needs to be 

developed. Whether or not this measurement is in the time 

frame labelled 'on-line' is subject to doubt. 

The final conclusion is that a combined testing 

procedure, employing both rheology and maturity analysis, is 

a possible method for insuring final product consistency and 

strength. Employment of these two tests, while economical, 

would create substantial knowledge concerning the 

predictable physical behavior of the waste forms. Those 

samples which fail either of the tests for some reason 

(possibly unknown), could be set aside and examined 

thoroughly for the cause of failure. 

6.6.2 Recommendations 

Several areas explored in the experiment merit further 

study. In all cases, enough time was not alloted to obtain 

significant statistical data base, so proper error and 

statistical analysis was difficult. More samples are also 

needed to specify the effect of varying water to cement 

ratios, the importance of which have been mentioned. 
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Attempting to reproduce previous results for velocity 

versus torque plots is of value. If a linear relationship 

can be developed, perhaps at higher speeds, or with a 

different system (mixer motor or paddle), then a quality 

control procedure such as Tattersall's (Tattersall, 1991) 

could be employed vis-a-vis. 

It would be interesting to further study the effects of 

changing the waste concentration in the samples, to 

determine the cause of the contradiction of logic that 

occurred between the two types of OPC batches prepared. 

The contradiction between the slope of the 

power/strength curves that was developed could be studied by 

testing some samples for a twenty-eight day period. After a 

certain amount of time, when the hydration has sufficiently 

slowed for both cement types, the curves should be similarly 

shaped. 

The insensitivity of the maturity tests to the changes 

in water to cement ratios is disturbing, especially since it 

is well known that samples with more water will develop a 

lower compressive strength. More samples are necessary to 

determine at which point the changes in water to cement 

ratio result in a slower temperature development. 

Because of the widespread familiarity with and 

economical application of the ultrasonic tests in 

nondestructive evaluation, the poor results achieved here 
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should not eliminate the tests from further study. 

Improving the contact between probe and cement, applying 

consistent pressure, and waiting for longer times than six 

hours are all possibilities for improvement. The effect of 

varying the pulse frequency also needs to be analyzed, and 

relating the setting time (determined with ultrasonics) to 

the long term strength is a possibility. 

Of course the entire experiment is useless unless it 

can be upscaled to a manufacturing process. The effect of 

the different types of mixers (in the Netherlands high shear 

and in drum) must be explored on the 200 liter drum mixing 

scale. 

The preceding recommendations display the immense 

nature of further study that must be performed in order to 

develop a suitable on-line process control program for the 

physical characterization of the cement waste forms. 
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CHAPTER 7 

LABORATORY EVALUATION OF ACTIVATION 
ANALYSIS EQUILIBRIUM LEACH TESTING 

7.1 Introduction 

In the early stages of the nuclear energy industry it 

was soon observed that neutrons generated in fission 

activate impurities in the primary loop coolant. These 

impurities have a tendency to precipitate and collect on the 

interior surfaces of the reactor vessel and associated 

piping. The dose that workers received at the plant in 

routine maintenance was subsequently observed to increase, 

and it was realized that decontaminations were necessary for 

safe operation. 

In general, decontaminations require a much greater 

efficiency of removal than do standard industrial cleaning 

operations (Ayers, 1970). For this reason, special (and 

often expensive) chemicals are needed in flush-type 

decontamination procedures. The corrosion effect of the 

reagents on the stainless steel piping also determines the 

usefulness of a particular decontaminant. Such detrimental 

effects were observed with the use of inhibited HCl in early 

decontamination processes (Ayers, 1970). 
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Research and development led to the choice of two types 

of compounds for use in decontaminations, organic acids and 

sequestering (chelating) agents. These treatments could do 

the same thing as the concentrated acid solutions at a 

higher degree of safety to equipment and workers and at 

favorable chemical interaction properties, but at a higher 

cost (Ayers, 1970). Chelating agents were able to improve 

the removal efficiency because of their ability to dissolve 

the highly insoluble crust forming species, such as calcium 

and magnesium. Chelating agents will form generally 

soluble, stable complexes with any metal ion with a two-plus 

or greater valence state. The stability of the complex is 

due to the formation of double or triple bonds. Some of the 

chemistry of chelation, as it applies to this research, is 

discussed below. 

Unfortunately, the same characteristics which make 

chelating agents attractive for decontamination solutions 

make them very difficult to dispose of. Some of the effects 

of chelated organic wastes on a cement waste form have been 

presented in chapter 2.4.3 of this text. 

The detection of complexing agents, such as EDTA, in 

the waste form is then of obvious importance in order to 

safely and economically make disposal decisions. The 

detection of the concentration of leached chelating agents 

or complexed radionuclides has been the subject of ongoing 
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research under Dr. Mort Wacks at the University of Arizona 

(Banks, 1992; Ferrara, 1991; and Ferrara, 1986). These 

tests employed equilibrium leach test methods to study the 

effect of chelates on release of certain characteristic 

species. 

Improvement of the detection limits for certain 

nuclides in equilibrium leach testing procedures is 

desirable for more precise and consistent results. One 

suggested way to improve detection efficiency is to employ 

neutron activation analysis on the leachant. This method 

cannot be used to detect concentrations of organics 

themselves, as they are generally not activated by neutrons. 

However, the metal ions that are in solution from diffusion 

and those which have mobilized while complexed with chelates 

will be activated. It is therefore justified to assess the 

feasibility of neutron activation in such an application. 

The leaching of cobalt from waste forms is generally at 

very low levels. In many cases, even with enhanced cobalt 

concentration in the waste, the quantities leached give poor 

results (Rahman and Glasser, 1987). Cobalt is a prime 

candidate for neutron activation studies because of its low 

concentrations, two gamma decay scheme, complexation 

affinity, and long half life which eliminates interference 

from other radionuclides. 



103 

The purpose of this section of this research is to 

experimentally explore the ability of neutron activation 

analysis to improve the detection limits of a leached 

element (particularly cobalt) when that element is contained 

in cement waste along with a chelating agent (particularly 

EDTA). The effect of the concentration of the organic upon 

the leaching of the nuclide will also be assessed. A 

distilled water equilibrium leaching procedure is employed. 

7.2 Theory 

The experiment involves the synthesis of the concepts 

of leach testing, cements, chelating agent chemistry, and 

neutron activation analysis. The first two of these four 

have been discussed in detail elsewhere in this paper, so in 

this section only chelation and neutron activation theory 

will be discussed. 

7.2.1 Chelating Agents 

As was previously mentioned, chelating agents such as 

ethylenediaminetetraacetic acid (EDTA) are attractive 

chemicals for use in decontaminations due to their ability 

to dissolve otherwise insoluble matter, the sodium complex 

of EDTA can remain stable to temperatures of 300 Centigrade 

(Ayers, 1970) and can therefore be employed at a low power 

plant operation level and at an accelerated reaction rate. 
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The long organic molecules that complex the metal ions 

are called ligands. The nature of the bond between the 

metal and the ligand is such that the ligand is an electron 

pair donor and the metal ion is an electron pair acceptor. 

In other words, the metal acts as a Lewis acid and the 

ligand as a Lewis base (Bell, 1977). The donation of a pair 

of electrons establishes a coordinate bond. 

When a ligand reacts with and complexes a metal, a 

sometimes complex ring structure is created. The process of 

ring formation is called chelation, and has far reaching 

consequences and applications in the realms of biology and 

chemistry (Bell, 1977). The number of rings formed is a 

function of the number of electron pairs shared. The more 

pairs shared, the easier the complex forms and the harder it 

decomposes. EDTA contains six donor nitrogen sites and is 

therefore sexadentate, and can form a five (not six) ringed 

complexes with metal ions, which are very stable molecules. 

The chemical structure of EDTA and Co(III) EDTA are 

shown in Figure 18. The five ringed structure is visible in 

the cobalt complex. 
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Figure 18. Chemical Structure of EDTA and 
EDTA Complexed to Cobalt. 



106 

7.2.2 Neutron Activation Analysis 

Activation analysis is an established method for 

determining the atomic concentrations of a particular 

sample. The isotopes that will activate in a neutron flux 

are well established and their degree of activation is 

dependent on their absorption properties, atomic density, 

exposure time and flux, and half life. A particular species 

can also be created by a competing reaction (absorption by 

another isotope which decays to the isotope of interest). 

When subject to a flux of neutrons from a reactor or neutron 

source, the number of radioactive elements created is given 

by: 

N = Np <j> a (l-exp(-Xtlrr) (4) 

where: 

N = the atom density for nuclei produced, 

Np = the atom density of the parent isotope, 

<j> = the neutron flux 

o - the absorption cross section of the parent, 

>*. = the decay constant of the isotope, 

and tirr= the irradiation time. 

Eq. (4) provides the activity at the point of exit from the 

source. Naturally, the isotope begins to decay after that. 

The atom density obtained through equation four is 

limited by the accuracy of the cross section data (neutron 

energy dependent) and the source flux data. For this 
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reason this equation is used only to obtain rough estimates 

of the produced activity. A more common practice is to 

irradiate samples of known weight (standards) at the same 

time as the unknown samples, and then, using the same 

geometry in the counting, set up a proportionate ratio of 

count rate to mass for the standard and unknown. The result 

is: 

^unk=^stdCRunkf I std ( ̂ ) 

where: 

M is the isotopic mass, 

CR is the observed count rate, 

unk or std indicate the unknown or standard, 

and f is a decay time correction between counts. 

It is extremely important for the same counting 

geometry to be used in the use of the standards method to 

ensure the same detector efficiency. In addition to 

geometry, other factors which affect the efficiency of a 

spectrometry counting system include gamma energy (more 

energetic gammas can pass right through the detector) and 

the radiation interaction effects in the detector (different 

detectors have dissimilar initiating reactions). The 

commercially available detecting systems include high purity 

germanium detectors (HPGe), germanium/lithium semi-conductor 

detectors (GeLi), and sodium iodide scintillation detectors 

(Nal). The specifics of these detectors, along with their 
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uses, advantages, and disadvantages has been documented 

(Tsulfanidis, 1983). In this experiment an HPGe and a GeLi 

detector were employed to determine cobalt concentrations in 

the leachants. 

Cobalt-60 is perhaps the most commonly used isotope in 

gamma ray spectrometry. Upon absorption of thermal 

neutrons, cobalt-59 can become C0-6OM, with a 10 minute half 

life, or Co-60 with a 5.271 year half life. All of the Co-

60M decays to Co-60. Co-60 decays by beta emission 

accompanied by two gamma rays of 1.33 and 1.17 Mev with 100% 

absolute intensity. These two characteristic peaks are 

easily identified on a gamma ray spectrum, and can give two 

independent determinations of the concentration. 

7.3 Experimental Method 

Samples were prepared using a moderately sulphate 

resistant portland cement obtained from the Arizona Portland 

Cement Company. Preparation involved mixing the required 

amount of distilled water, sodium (EDTA), sodium nitrate 

(present in waste streams from decontamination solutions), 

and dissolved cobalt (II) solution, and then adding this 

solution to the cement clinker. This method of mixing 

ensured that the waste would be homogeneously distributed 

throughout the matrix, and also simulated as closely as 

possible actual mixing processes. The procedure described 

resulted in creation of six samples (though only three were 



109 

used in leach tests) of mass approximately 70 grams and the 

dimensions of (approximately) right circular cylinders about 

1.5 inches tall and 1 inch wide. The preparation of the 

samples followed previous research (Ferrara, 1991), and the 

amounts for six samples included 310 g cement, 140 ml 

distilled water, 50 g sodium nitrate, and the appropriate 

amount of complexing agent and cobalt. Cobalt (II) solution 

was added at the required amount, and the distilled water 

added was compensated for the additional volume of the 

solution. No artificial radionuclides were used in the 

creation of samples, which is a departure from the past 

research. The specific data for each of the types of 

samples is shown in Table VI. All samples were allowed to 

cure in their mold at room temperature in open air for at 

least one month. 

Upon the end of the curing stage, the waste forms were 

immersed in 150 ml of deionized water. The purity 

(resistance) of the water used was 0.7 megaohms. Leachant 

samples of 1.50 ml were then extracted from the sample at 7, 

14, 21, 28, 34, 41, and 180 days after immersion. Fresh 

water was not used to replace the extracted water, nor was 

correction employed for concentrations, since the introduced 

error was negligible compared to the volume that remained. 

The leachant was not changed (equilibrium testing), nor were 

the samples crushed. The decision not to crush waste forms 
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was made because original experimental planning held for 

surface analysis by electron microscopy to be performed on 

the samples before and after leaching. This is also the 

reason that three of the six samples prepared were not leach 

tested. 

TABLE VI. Composition of Leach Test Samples 

Sample mass(g) vol(mL) Na (EDTA)(g) Cobalt(II)(mg) 

1 69.77 38 0.3 5 
2 68.35 32 0.3 5 
3 72.00 38 0.3 5 
4 75.60 39 0 8.3 
5 77.46 40 0 8.3 
6 77.22 34 0 8.3 
7 76.39 44 15.0 30 
8 74.44 40 15.0 30 
9 75.89 43 15.0 30 
10 73.27 40 10.0 30 
11 73.32 42 10.0 30 
12 74.93 43 10.0 30 
13 70.93 38 1.50 30 
14 76.20 40 1.50 30 
15 68.44 37 1.50 30 

Once samples were taken from the leachant solution, 

they were irradiated in the 'lazy susan' irradiation 

facility of the University of Arizona's TRIGA reactor. The 

samples were irradiated at the maximum power of 100 

kilowatts (thermal flux of 7xlOn n/cm2/sec in the 

irradiation facility) for three hours. This is the maximum 

fluence normally allowed for activation experiments with 

this reactor, and was chosen because of the expectedly low 

concentrations of cobalt. 
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Samples were allowed to decay for three days before 

removal from the reactor, because of their high sodium 

concentrations. To eliminate counting on the high 

background of the comption edge from the sodium, samples 

were additionally allowed to decay for 2-3 weeks before 

counting. 

A GeLi or HPGe detector was used to analyze the 

spectrum data obtained. Samples were counted in groups of 

three (to triple the detection limit) and arranged in an 

equilateral triangle on the top-center of the detector. 

Standards were counted on both detectors to obtain an 

effective "detector conversion factor" to compare sample 

count rates. 

7.4 Data Reduction 

The amount of cobalt in the leachant was determined 

using Eq. (5). The reference time for the decay correction 

factor was chosen to be the point of shutdown of the 

reactor, all count rates were adjusted to their theoretical 

count rate at that time. A 'detector correction factor', 

necessary because two types of detectors were used to speed 

data collection, was multiplied by the result obtained from 

the equation. This factor was determined by counting the 

standard on both detectors and obtaining a ratio (after time 

of decay correction). 
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Since three like samples were counted at the same time 

in any single count, the obtained cobalt concentration was 

cut in third to get the cobalt concentration per sample. 

Corrections for the lack of replacement to the leachant 

upon sampling were not made, because at the low observed 

concentrations the uncorrected results would be conservative 

(give overestimated concentrations) and negligible compared 

to other experimental errors. Corrections for decay could 

also be considered negligible because of the long half life 

of the cobalt, but were nevertheless performed. 

7.5 Results 

7.5.1 General Comments 

The data obtained through the experiment indicated that 

the amount of EDTA present in the waste forms did have a 

measurable effect upon the equilibrium concentration of the 

cobalt in the leach solution. Several other effects were 

observed which were qualitatively assessed. Due to the 

limitations of time and equipment, the originally scheduled 

microanalysis of the waste form surface before and after 

leaching was not performed. 

Severe degradation of the waste form was observed in 

those samples containing higher amounts of chelating agent. 

This fact tends to support the matrix degradation effect 

which was explained in chapter 2 of this report. The 
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degradation observed was in the form of surface flaking, 

cracking, and dissolution of calcium into a colloidal 

suspension in the leachant. The degree of degradation 

appears to be a function of the amount of EDTA in the 

sample, though quantitative analysis was not performed. 

The degradation effect was deemed to be the largest 

single source of error in this experiment. Other sources of 

error included the preparation technique for the cobalt 

solutions and standards, which involved very dilute 

solutions. The original mass of dissolved cobalt was 

diluted to an acceptable concentration, which was well below 

the limits of available quality control detection methods. 

Of the radionuclides present in the samples, the 

presence of cesium-134 was observed in several samples. 

This fact at first appears inconsequential. The presence of 

cesium is, however, often checked for in leach tests because 

it is a highly soluble element which diffuses quickly. 

Cesium-134 is produced by neutron activation of Cesium-133, 

which has a 100% isotopic abundance. Note that Cs-134 

should not be confused with the fission product Cs-137. The 

atomic composition of the cement was known from the firing 

analysis of the supplier, and showed no cesium. The other 

chemicals used (except the water) were lab quality and 

therefore also contained no cesium. In future research, the 

presence of this cesium needs to be quantified and accounted 
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for, especially if cesium is used as a 'key isotope' in a 

leach testing procedure. 

It was found that it was not possible to determine 

cobalt content using the 10 minute C0-6OM nucleus. There 

were too many short lived isotopes and too low a cobalt 

concentration in the samples for this type of analysis. 

Thus, only the 5.27 year half-life isotope was counted in 

this experiment. 

7.5.2 Leaching of Cobalt, Detection Limits 

For several of the samples the amount of Co-60 

contained was on the fringes of the detection limit of the 

system. Counts were performed for as long as possible 

(usually 20 hours) while still enabling adequate available 

time to count all samples. Several samples showed levels of 

cobalt either too low for adequate statistical analysis or 

no cobalt at all. Sodium interference was also not 

completely avoidable in all samples due to time constraints. 

Longer irradiation times, higher flux, or higher initial 

doping of cobalt would lead to higher, more measurable 

concentrations in the samples. 

Figure 19 shows the absolute amounts of cobalt 

determined to be in the samples after a given amount of 

leach time. The micrograms of cobalt per sample shown can 

be converted to concentration in parts per million by 

dividing by the sample weight of 1.5 grams (1.5 mL water). 
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Although Figure 19 is very noisy, it shows the general 

expected trend of higher leach rates for the samples 

containing greater quantities of EDTA. 

For purposes of this research, the acceptable (for 

statistics) detection limit has been defined as that cobalt 

concentration which results in a 10 percent fractional error 

in the counts of both the cobalt peaks. This value 

corresponds to the 0.08 micrograms of cobalt level on the 

figure, which is a detection limit of 53 parts per billion. 

Any points below this level on the ordinate would result in 

a higher than 10% error in the counting data from the 

spectrum analysis. Although cobalt peaks were positively 

identified for the points below the line, the collected data 

resulted in too great an error for proper statistical 

analysis. This effect is partially responsible for the 

noisy nature of the plot below the selected detection level. 

This detection limit is obviously highly dependent upon 

the experimental procedure. The detector efficiency (from 

source geometry), the exposed neutron fluence, the counting 

time, and the amount of cobalt originally present in the 

waste form contribute to the detection level. Improvements 

in any of these values could easily be made, thus lowering 

the 53 ppb detection limit by great amounts. 

The biggest source of error in the determination of the 

cobalt concentration comes from the degradation of the 
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matrix which was described above. This is no doubt the 

primary reason for the noise exhibited by Figure 19. Not 

only does this degradation increase the surface area 

available for leaching, but the presence of suspended solid 

particles in the solution foul results and are unaccounted 

for. These suspended particles were visible to the naked 

eye, and obviously contained some cobalt. The coupling of 

this with the increased surface area, which could vary from 

sample to sample, creates an abundance of variables 

inhibiting quantitative assessment of the leaching. 

This result has implications in that the crushing of 

samples may not alleviate the problem of increased area. 

The use of micropore filters in future experiments is 

necessary to ensure that only liquid is irradiated. The 

effect of these phenomena on equilibrium studies needs to be 

studied. 

7.5.3 Effect of EDTA on Cobalt Leaching 

As was mentioned before, the amount of EDTA originally 

present in the samples had an effect on the amount of cobalt 

which was found in the leachant. In order to assess the 

effect of the EDTA, the average amount of cobalt in a sample 

type found in each week was averaged over all the weeks 

tested. This method ensured that equilibrium concentrations 

of the cobalt, which were not readily apparent from the 

results of Figure 19, had the largest weight in computing 
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the average amount of cobalt leached for a given sample 

type. Results obtained in this manner were expressed in 

terms of average fraction of original cobalt leached 

(average ppm in solution/ average ppm in waste form) using 

original concentrations obtained .from Table VI. 

The results obtained have been plotted as a function of 

original mass percent EDTA present in the waste form and 

have been presented in Figure 20. This figure contains some 

interesting and unexpected information. 

It is apparent that for the species containing equal 

original amounts of cobalt (samples 7-9, 10-12, and 13-15), 

the amount of EDTA is highly correlated to the amount of 

cobalt leached. A linear least squares line has been 

included on the plot connecting these points. The equation 

of the line is: 

(Co% released)= 6.93E-4*(mass % EDTA) + 2.00E-5. 

This equation correlates to a linear correlation coefficient 

of 0.995. For three data points, this indicates a 94% 

confidence level. It appears from the graph that a parabola 

or exponential fit may approximate data better, but since 

three points is insufficient data, no such model was 

attempted. 

When compared to the samples originally containing 

30 mg of cobalt, the samples originally containing 5 or 8.3 

mg have a higher fraction of original total released. The 
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absolute amount released is, however, lower for these 

samples. This is an interesting result which was 

unexpected. Further analysis is needed to explain this 

phenomena. 

Note that the sample originally containing no EDTA 

suffered little matrix degradation but did exhibit 

measurable quantities of cobalt leached. This is a 

testament to the sensitivity of neutron activation analysis 

over other methods; past experiments have not been able to 

determine cobalt concentrations, even when samples were 

crushed. In general, however, the cost of neutron 

activation when compared to its benefit of increased 

sensitivity is probably too great. 

7 .6 Conclusions and Recommendations 

Because of the relatively small amount of research that 

has been performed upon organic-containing cement waste 

forms, and because of the conflicting results exhibited by 

the various models used in benchmarking tests, the performed 

experiment indicated several unexpected conclusions and 

areas in which results need to be further qualified. 

It is very crucial to keep in mind that results 

obtained are for a particular waste stream, sample size, and 

testing procedure. Properties of large (200 L) waste drums 

may vary significantly from those of the lab samples. Also 

attempts to assess the 100 or 200 year performance of waste 
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forms in a repository with 90 or 180 day tests upon small 

scale laboratory samples is highly suspect. 

7.6.1 Conclusions 

The results of the experiment performed indicate that 

neutron activation analysis will increase the detection 

limit of cobalt in the leachant solution. The detection 

limit for this method is highly dependent upon the specifics 

of the experimental procedure, and if the method is adapted 

for a process qualification, optimization of procedure is 

necessary. For the specifics of the performed experiment, 

an 'adequate for statistics' detection limit of 53 parts per 

billion was obtained, and could easily be improved upon with 

a higher fluence or original cobalt doping. The observed 

detection limit was better than those found in past 

research. 

The method of neutron activation is generally very 

expensive compared to chemical detection methods currently 

used. This expense must be weighed against the benefits of 

increased sensitivity in order to assess the method from a 

practical engineering standpoint. Perhaps for a few 

relatively insoluble, relatively nonreactant species it will 

prove useful. Cobalt is such a species, though when 

complexed its solubility increases. 

The presence of the organic sequestering agent EDTA in 

the waste form was shown to have a definite impact upon the 
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release of the immobilized cobalt. The increased leaching 

was determined to be a combination of the high solubility of 

EDTA-complexed cobalt and the degradation to the matrix 

infrastructure (and corresponding increased surface area for 

diffusion) of the waste form. Detection of mostly insoluble 

cobalt in the samples containing no chelating agent is 

evidence for the latter conclusion. For waste forms 

containing equal amounts of cobalt to start with, the 

average fraction released per week had a definite 

correlation to the amount of EDTA mixed into the waste form. 

The relationship followed a linear, exponential, or 

quadratic model for the given data. 

The typical y = x1/2 fraction released versus time 

relationship usually observed in leach models was not 

readily apparent from the plot of leaching versus time 

(Figure 19). The noisiness of the graph is due to low 

cobalt concentrations and the presence of suspensions in the 

leachant. 

A relationship exists between the original cobalt 

concentration in the waste form and the fraction released to 

the solution. This relationship needs to be quantitatively 

assessed in order to optimize the physicochemical properties 

of the waste form. 
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7.6.2 Recommendations 

There are several improvements that could be made upon 

the method used in the experiment. The use of a low 

background counting system would reduce experimental 

uncertainties encountered in the long (20 hour) counts. 

Such a system would be ideal for the low cobalt 

concentrations that were observed to exist in the leach 

solutions. 

The biggest source of error in the experiment, the 

presence of suspended solids in the leachant samples, could 

be all but eliminated through the use of a filtering system. 

Micropore filters are readily available and have been 

suggested. 

Several areas of the experiment indicated phenomena 

which need to be quantitatively assessed. The unexpected 

presence of cesium, believed to be from the cement, could 

foul future leach test results if left uncorrected for. The 

degradation of the matrix by the immobilized EDTA is of 

great importance". Little research has been done on this 

effect, and the phenomenon could affect even crushed-sample 

equilibrium leach tests. Detection of this effect may be 

difficult, but nevertheless must be done. 

Incomplete data were obtained on the relationship 

between the EDTA in the matrix and the release of the cobalt 

as equilibrium is approached. Data that was obtained showed 



a definite relationship exists, though the relationship' 

nature wasn't able to be determined. 
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CHAPTER 8 

CONCLUSIONS 

The control of product quality during processing has 

been shown to be a useful tool in aiding an overall quality 

control program and assists in standardizing procedures, 

ensuring conformance with specifications, and reducing costs 

in many industries, including the radwaste industry. 

Defining and qualifying procedures in order to assess waste 

form performance is of utmost importance to the safety of 

man and the environment. To this end, several research 

projects have been initiated in order to explore the 

physical, chemical, and radiological behavior of waste 

forms. 

Cement is the waste form of choice in most low and 

intermediate level solidifications because of favorable 

economics, familiarity, and superior product performance. 

Physical characterization of cement waste form performance 

involves, among other things, compressive strength and leach 

testing. 

The frequency of destructive compressive strength 

testing can be reduced, lowering both exposures and 

secondary waste stream generation, using the ideas of 
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quality control and process qualification. On-line, 

nondestructive process control offers superior traceability, 

economics, and possibility for corrective action, and thus 

is favorable wherever applicable. 

The very nature of leach testing requires it to be 

performed by destructive analysis. Static, dynamic, and 

equilibrium models have been identified to assist in 

characterizing leach behavior. The minimum detection limits 

of several of the testing methods is hard to maintain for 

realistic sample waste forms (those with realistic waste 

concentrations). 

In this project, the methods by which quality control 

of waste forms could be achieved were theoretically 

explored, with specific attention to synthesizing the 

concepts of cement immobilization, use of admixtures, and 

wastes effects on the waste matrix. For waste forms 

containing specific waste streams of interest, the ability 

of several testing methods to predict the physical behavior 

of waste forms was experimentally assessed in laboratory 

situations. 

Several experiments were performed on waste forms 

containing ion exchange resins to assess their strength 

development. Rheological testing proved to be an excellent 

method to use in monitoring consistency (workability) of 

cement waste forms during mixing, with measurable 
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sensitivity to water to cement ratio changes as good as two 

percent. The maturity development of cement waste forms in 

the early stages of curing was shown to be strongly 

correlated to the long term (7 day) compressive strength of 

the waste form. Ultrasonic testing was shown to be less 

effective in predicting product performance in the early 

stages of curing. 

Waste forms containing an organic chelating agent 

(EDTA) were tested using an equilibrium leach testing 

procedure. Neutron activation analysis was determined to be 

able to increase the detection limit to those previously 

unattainable, but the method was very dependent upon 

experimental procedures and may prove too expensive for 

practical uses. The EDTA in the waste form had a definite 

effect upon the form's matrix integrity and upon the release 

of metal (cobalt) from the form. 

Several suggestions have been made concerning future 

necessary improvements in testing methods and possible 

parallel research based upon results attained. 
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