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DEVELOPMENT OF QUALITY ASSURANCE AND PERFORMANCE TESTING 
FOR THE PROCESS EXPERIMENTAL PILOT PLANT 

L. R. Dole 
E. W. McDaniel 
S. M. Robinson 

ABSTRACT 
The Process Experimental Pilot Plant (PREPP) is planned 

for operation by EG&G Idaho, Inc., to demonstrate a 
full-scale, cement-based, disposal process for transuranic 
(TRU) wastes. Procedures need to be developed to determine 
the quality of the waste product during processing and the 
durability of the final waste form produced in this facility. 
This report summarizes basic guidelines for the selection of 
the waste form composition and process conditions that affect 
product performance. Physical property tests that may be 
applicable for quality assurance during processing are also 
described. Approaches to accelerated performance tests needed 
to predict the performance of the cement-based waste form are 
identified, and suggestions are made for the development of 
processing tests to ensure the quality of the final waste-host 
product. 

1. INTRODUCTION 
Oak Ridge National Laboratory (ORNL) has a history of successful 

laboratory and engineering development of cement-based grouts used as 
hosts for the Immobilization of radioactive wastes. Cement-based waate 
forms have been tailored for specific cases through the use of additives 
and the application of advanced processing technology. Some of the types of 
radioactive wastes fixed in the tailored cement-baaed hosts include: ion 
exchange media, evaporation bottoms, filter media, waste sludges, waste 
slag, Incinerator ash, waste calcines, shredded metal, and heavy waste 7 
oils. More than 1.5 x 10 L (4 million gal) of Intermediate-level waste 
solutions and sludges has been successfully disposed of via an engineering-
scale grout facility in nearly 20 years of operating experience. 

The ORNL Cement and Concrete Application Center (CGAC) has worked 
closely with EG&G Idaho at Idaho Falls, Idaho, and Rockwell Hanford 
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Operations at Hanford, Washington, to apply this grout technology to 
site-specific disposal problems* The recommendations in this report for 
the planned Process Experimental Pilot Plant (PREPP) at Idaho Falls are 
based on experience gained at the CCAC. 

The EG&G Idaho, Inc., PREPP at Idaho Falls Is to demonstrate the 
viability of full-scale methods for processing existing transuranic 
(TRU) waste packages into a form acceptable for disposal at the Waste 
Isolation Pilot Plant (WIPP) at Carlsbad, New Mexico. The initial 
PREPP design1 includes a low-speed shredder for selected TRU solid 
waste, a rotary-kiln incinerator, and a grout immobilization system, as 
shown in the flow diagram of Fig. 1. All wastes (including container 
material) will be shredded and Incinerated to produce a solid discharge 
mixture of metals, glass, ceramics, calcined sludges, and ash inerts. 
This Incinerated mix will be screened to separate the fine and coarse 
material. The coarse material (>6.4 mn dlam) will be placed into 206-L 
(55-gal) drums. The fine material «6.4 am dlam) will be mixed with 
cement and other additives to form fluid grouts that will be poured over 
the coarse debris in the drums. This grout will flow Into the interstices, 
encapsulating and fixing both the PREPP coarse and fine wastes into 
a durable monolith. After a minimum curing time the cement-based waste 
form will be transferred to an intermediate storage pad, where it will 
remain for 5-10 years bcJore being shipped to the facility at Carlsbad 
for permanent disposal. 

Initially, PREPP will process retrievable waste stored at Idaho 
National Engineering Laboratory (INEL) that cannot be shipped to or 
accepted by WIPP.1 The total spectrum of unsegregated wastes that have 
accumulated from various research facilities and production plants will 
be Included. Since this waste stream composition will vary greatly, the 
grouting process will have to be designed to accommodate these fluc-
tuations. Procedures must be developed to determine the processing con-
ditions and tests needed to ensure that the grouts being produced will 
meet the developing product performance specifications. Accelerated 
tests will also be required to ensure that product performance 
(e.g., leachablllty, strength, and freeze/thaw durability) is acceptable 
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ORNL-DWG 12-19828 

Fig. 1. Process Experimental Pilot Plbnt (PREPP) flow diagram. 
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for 5-10 years of storage In the Idaho climate and for subsequent 
permanent disposal at WIPP. 

1' is report discusses the grouting process parameters and cement-
based, dry-solids formulations that will influence the waste-form 
properties and will help define the basic guidelines for producing an 
acceptable grout* The quality control/assurance aspects of the PREPP 
process are considered, as well as possible approaches to accelerated 
testing procedures that could be used for determining the quality and 
long-term durability of the waste forms produced in the PREPP facility* 

2. PROCESSING PARAMETERS 

The production of acceptable cement-based waste forms with consist-
ent properties depends upon the fluctuations of the waste feed stream, 
the grout composition, and the processing conditions* An acceptable 
grout is defined as one that can (1) tolerate the expected fluctuations 
in the waste streams, (2) be mixed with standard equipment under 
realistic processing constraints, and (3) form an acceptable final waste 
product with sufficient durability in the expected service environment(s). 

Even if the feed streams fluctuate greatly, processible grouts can 
be made from most wastes by tailoring the grout composition and regu-
lating certain processing conditions* The grout composition is tailored 
by adju8ting either the dry-solids blend, the waste loading, or the water 
to cement (w/c) ratio for each waste stream* Processing conditions are 
regulated by adjusting the mixing time, shear rate, water "tempering," 
processing temperature, additives to the mix, and product delivery* 
These factors affect the mix properties such as slump (apparent 
viscosity), gel strength, and air entrainment, which determine the 
performance characteriatlcs of the final waste form. Mix properties can 
often be used to predict product qualities such as phase separation, 
Initial set time, curing rate, freeze/thaw durability, metal corrosion, 
radlolysis rate, and leachability. 

This section summarizes basic guidelines for waste stream 
pretreatment and discusses formulations for the cement-based dry solids 



-5-

blend. Key measurable physical properties that can be used to Indicate 
the long-term durability for PREPP waste forms are also identified. 

2.1 WASTE STREAM PRETREATMENT 
Initially, the PREPP facility will process retrievable alpha wastes 

stored at INEL that cannot be shipped directly to WIPP for disposal.1 
The incoming waste stream to the grouting facility will Include a wide 
variety of unsegregated wastes from the diverse activities of several 
national laboratories and production plants. Any egregatlon of waste 
will be the result of exhuming large volumes that had formerly been 
delivered and dumped. For example, construction debris from a large R&D 
operation could dominate the PREPP input for days and would likely 
represent an extreme fluctuation in incinerator ash texture and 
chemistry. 

Calcining of the Incoming waste at >1000°C is generally sufficient to 
reduce to Insignificant levels any Interference of the waste stream with 
the grout rheology and chemistry. Most materials become less water-
demanding and more refractory after sintering at these temperatures. 
Since the waste becomes a nearly inert aggregate, a waste/dry-solids 
blend can be produced with predictable processing behavior for a broad 
range of plant operating conditions. 

Particulate matter (<0.01 eta dlam) from the off-gas treatment system 
will also be collected and periodically added to the feed stream as a 
sludge. These high-surface-area particles can disperse and alter the 
colloidal stability of the grout components (i.e., cement, fly ash, 
fumed silica, etc.). If large amour• of these fine particles are added 
to the feed, the resultant loss of fluidity and air entrainment In the 
grout will require the addition of extra water, possibly exceeding a 
critical w/c ratio. Air entralnment of >52 and a w/c ratio of <0.4 are 
required to ensure acceptable freeze/thaw resistance (Sect. 2.2.4). 

No known test procedure will generate data that will allow a rapid 
adjustment of processing parameters to mitigate the effects of off-gas 
particles. Consequently, hoppers for this portion of the feed will be a 
necessity. Surge hoppers will be needed for the waste/dry-solids blend 
in order to stay within the capacity of the mixer, and the plant 



should also have enough hopper or tank capacity to segregate and blend 
problem wastes. This will allow contLol over small excursions in the 
waste stream without interruption or modification of normal plant 
operation. 

2.2 DW-SOLIDS BLEND FORMULATION 
The composition of the grout must be tailored to provide a 

processible mix and an acceptable final product. Parameters that should 
be considered in the formula development include waste loading, w/c 
ratio, and composition of the dry-solids blend. Admixtures and cement 
substitutes are often added to (1) reduce costs by reducing the cement 
required; (2) reduce the water requirement for processing by increasing 
the colloidal stability; (3) increase product durability by increasing 
the chemical tolerance to both the waste stream and host geochemistry; 
and (4) increase the waste form's ability to sequester nuclides by 
controlling the porosity, ion exchange capacity, durability, and 
effective diffuslvity. 

Tailoring the grout composition reduces material costs, increases 
the ease and reliability of processing, and Improves waste product 
performance. These factors provide substantial savings In operating 
costs and help to establish public and institutional confidence in this 
waste disposal system. The selection criteria for the dry-solids blend 
components are given In the following section. 
2.2.1 Cement Selection Criteria 

Table 1 shows examples of the commercially available cement types 
and their approximate compositions. Not all types are available every-
where in the United States; therefore, transportation costs and local 
availability are Initial screening factors In cement selection. 

Tolerances of the cement to chemicals in the waste stream [such as 
2_ 2_ Che trivalent metals, 0 0 3 , F~, and SOt ] or In the service 

environment (e.g., K, Mg, Cl~, and SO^2" in the HIPP site brine) are the 
first considerations in laboratory screening tests. While the effects 
of seawater's sulfate, alkali, fluoride, and chloride are documented 
for civil engineering field cases, the concentrations and combinations 
of these ions in waste streams and soil/rock geochemistries may differ 
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Table 1. Composition of some common cements 

Cement type Major phases 

1 Portland C3sa- 55%, C2S* - 18* 

II Portland C3S°- 50%, C2Sa - 18%, C3Aa- 8% 

III Portland C3Sa- 63%, C2S« - 10%, C3Aa- 15% 

IV Portland C3Sa- 25%, C2S« - 47%, C3Aa- 5% 

V Portland c3sa- 45%, C2S<* - 36%, C3Atf- 5% 

Lumnlte A 1 2 0 3 + T102 - 44%, CaO - 35. 8%, SO3 - 1.7% 

Ref con A 1 2 0 3 •»• T102 - 58%, CaO - 33. 5%, S03 - 0.4% 

Fondu A 1 2 0 3 - 60%, Si02 - 5%, T102 - 4%, Pe203 - 11% 

<*Fhe formula convention of cement chemists: C " CaO( S - SIO2, 
A • AI2O3, F • F*2°3» * o r example. C38 • 3Ca0*8i02> 



significantly and warrant extensive laboratory testing befure existing 
field data may be extrapolated for predicting cement-based radwaste form 
durabilities* 

After the initial screening tests, cements are traditionally 
selected on the basis of their curing rates, so that the appropriate 
characteristics of strength, porosity, leachablllty, and freeze/thaw 
durability of the concretes are reached prior to placing them in 
service* Many of the waste streams will contain a varying mixture of 
both set-controlling accelerators and retarders* Therefore, it will be 
Impossible in most cases to predict the setting and curing behavior of a 
particular cement type with a specific waste product without laboratory 
testing. 

While curing tests have been . .andardlzed and codified In civil 
engineering applications, the concepts of "set" and concrete paste 
"maturity" are generally applied arbitrarily* Since these concepts 

t 

represent critical criteria for the selection and Interpretation of 
accelerated tests, discussions of "set" and "maturity" (i.e., cement 
hydration behavior) are presented In Sect. 3. 
2.2.2 Cement Substitutes 

Pozzolans have had 3,000 years of successful use as cementitlous 
materials. There are three mechanisms by which pozzolanlc materials 
affect the cement mix and the final product. As a result of their high 
surface charge (zeta potential), pozzolans readily disperse and 
stabilize the suspensions of mix particles, reducing the water required 
for an acceptable fluidity* The packing density increases because the 
small primary particles fit in voids between the cement and sand grains. 
This reduces the porosity and gives greater durability. Finally, the 
silica particles can contribute to the cementation reactions and isolate 
the alkali elements. This contributes significantly to both the 
strength and the chemical tolerance of the product. Therefore, the 
addition of pozzolans produces a cheaper, denser, and more durable waste 
form. 

Natural pozzolanic materials result from volcanic activity; fly ash 
comes from modern power plants and fumed silica from metal smelting 
processes. All of these can be readily obtained In the region of the 
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PREPP plant. Since transportation Is a principal cost factor, proximity 
Is a prime consideration in the selection of a cost-effective cement 
substitute! 

Table 2 presents the approximate composition of several pozzolanic 
materials and Type I Portland cement, While Table 3 gives the major 
cement phases formed by these materials. ASTM C618-68T lists the 
specifications for these pozzolans, and ASTM method C311 standardizes 
their sampling and testing procedures. 

General guidelines for an acceptable fly ash for the PREPP are that 
the SIO2 content be >50% by weight and that the free lime (CaO), alkali, 
and ignition loss be as low as practical. Fumed silica can be nearly 
99% S102, and it Is highly recommended as a potential additive because 
of its high purity and reactivity. However, the small particle sizes of 
fumed silica must be considered for the potential effects on air 
entrainment (Sect. 2.2.4). Studies of fly-ash morphology ahow some 
of the complexity of fly-ash characterization. No single test or 
procedure can predict all of the potential qualities or changes In the 
properties of concrete that result from the use of a specific pozzolan. 
Without a reliable activity index, each fly ash must be tested in a 
specific application to determine Its effects on the final quality of 
Che product. 
2.2.3 Fines Additives 

The PREPP process uses cement to Immobilize the fine waste particles 
in a grout and to cast large waste items within this cement-based 
matrix. Enough grout Is required to fill all of the voids around the 
coarse waste in the end-product containers. The fine waste particles 
produced in the PREPP process may not be sufficient for producing enough 
grout to encapsulate and fill the voids in all of the coarse material, 
so additional, nonradioactive, fine particles may be used to fill this 
extra void space in the drums* The fine additives being considered are 
the local basaltic sands and the pozzolanic cement substitutes, fly ash, 
and/or fumed silica. The effects of their small particle sizes on the 
grouts must be considered when selecting these additives (as discussed 
in Sect. 2.1). 
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Table 2. ConpoilClon of pozzolanlc materials and of 
Type I Portland cement 

Range ln composition (%) 
Volcanic Uncalclned Type I 

Component Fly ashes glasses Shales dlatomlte cement 
S102 38.2 to 48.3 68.1 to 74.8 61.2 to 71.1 76.7 21.0 
AI2O3 14.7 to 34.0 13.8 to 15.8 12.5 to 19.3 12.0 6.5 
F-»203 6.5 to 18.9 0.85 to 1.9 4.1 to 5.9 0.60 2.5 
CaO 2.3 to 8.5 0.27 to 1.9 0.33 to 8.6 0.70 64.0 
MgO 0.4 to 2.1 0.00 to 0.97 0.85 to 3.0 0.05 2.5 
Na20 0.31 to 1.62 3.52 to 7.38 0.B8 to 1.21 1.72 
K2O 1.02 to 2.0 2.94 to 4.96 0.61 to 1.56 1.68 
Ignition 0.8 to 12.0 0.69 to 6.0 1.26 to 6.8 3.2 
loss 

Table 3* Major cement phases formed by pozzolanlc materials 
and Type I Portland cementa 

Volcanic Uncalclned Type I 
Component Fly ashes glasses Shales dlatomite cement 
C3Sb 0.8 to 12.0 0.69 to 6.6 1.26 to 6.8 0 48.0 
C2Sb 0 0 0 0 27.0 
C3kb 0 0 0 0 12.0 
C4AF& 0 0 0 0 8.0 

Source of data: AdmCxtu-nee in Concrete, Special Report 119, 
National Academy of Sciences, Highway Research Board, Washington, D.C. (1971). 

^The formula convention of cement chemists: C - CaO, S - SIO2, 
A - AI2O3, F - Fe203. For example, C3S - 3Ca0«Si02« 
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The usa of a "gap-graded" formulation should also ba considered for 
the concretes containing both waste and the nonradioactive fines. A "gap-
graded1 ' concrete formula means that the particle sizes of the coarse and 
fine aggregates (cement and pozzolan) are controlled so that the smaller 
components fit Into the close packing voids of the larger ones. This is 
an effective method to optimize the product's performance qualities 
(strength, freeze/thaw durability, and leachability). However, this 
improvement in performance may not justify the increased cost of the graded 
materials. At present, the WIPP acceptance criteria do not require a 
high-performance waste form. 

Controlled particle size distribution will also result in a mix with 
more consistent processing characteristics, which may be necessary to 
Increase the consistency and quality of the final products. For 
example, this could prevent the loss of viscosity snd air entrainment 
control resulting £rom ultrefines «0.013-cm) contamination from a poorly 
washed batch of basaltic sand, an "off-spec" pozzolan, or an unusual ash. 
2.2.4 Admixtures 

Admixtures are often used in the dry-solids blends for radioactive 
waste Immobilization and for improving the processiblllty of the mix and 
the performance of the final product. ASTM Type A and Type D admixtures 
reduce the amount of water required for a given mix and Increase the air 
entrainment. The ASTM C494-68 standard classifies concrete admixtures and 
specifies Types A and D for use as water-reducing agents. Type D admixtures 
also retard the setting of the concrete. Since the concretes will be 
placed In an uncontrolled lag-storage environment after a minimum curing 
time, Type D admixtures should not be considered for the PREPP process. 

The advantage of using weter-reduclng agents Is that a minimum w/c 
ratio can be used to produce mixes sufficiently fluid to pour around the 
coarse ash in the PREPP drums. The flnel product's porosity and 
durability are strongly dependent on the w/c ratio of the mix. Field 
experience in a broad spectrum of dvll engineering cases shows that 
acceptable freeze/thaw resistance for long storage in the Idaho winters 
can be achieved If w/c ratios are <0.4. 

As indicated previously, air entrainment Is also critical to the 
freeze/thew performance of the final product. Although the strong 
interdependence of air entrainment, apparent viscosity, and shear rate Is 
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not completely understood, phenomenologlcal relationships between air 
entralnment and product quality have been observed. An air entralnment of 
5-6% has been generally established by civil field experience as a minimum 
requirement to ensure freeze/thaw durability. 

The recommendation for the PREPP mixer Is 8-1 OX air entralnment In 
the mix, with a uniform distribution and a maximum bubble size of <250 Mm. 
This recommendation is conservative because vibration during the transfer 
of this mix Into the voids of the coarse ash will result in an air loss, as 
in the case of an "overworked" concrete. Therefore, this excess air and 
small bubble size should ensure that the final product has 5-6% air bubbles 
with spacing less than 0.02 cm (0.008 in.). 

The synergistic combination of a pozzolan and a Type A admixture should 
result in an improved product with a lower w/c ratio and enhanced air 
entralnment. Also, the pozzolanlc reactions suppress the unwanted phases 
by reacting with interfering elements In the waste streams. 

2.3 IMPACT OF MIXING 
The flow properties of grouts are strongly dependent on their shear 

7 
history In the mixer. Therefore, the choice of power range and mixer 
type allows direct control of the mix viscosity (within formula 
limitations). If a particular mix is viscous, Increasing the shear rate 
can produce a transferable mix that is {luld enough to pour around the 
waste material in the barrels. The time and power requirements for 
maintaining reference shear rates In a calibrated mixer can be established 
to ensure the levels of fluidity, air entrainment, and product qualities 
for a broad spectrum of grout waste/dry-solids blends. 

3. CEMENT HYDRATION REACTIONS 

The PREPP flowsheet involves transferring freshly formed cement-based 
waste product to lag storage where it will be exposed to the ambient Idaho 
climate for 5-10 years. This fresh concrete must be mature enough to 
withstand freese/thaw conditions* Since cement paste "set" and "maturity" 
are critical criteria for the selection and interpretation of quality 
control and accelerated performance tests for PREPP, a discussion of cement 
hydration behavior la presented In this section. 
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During Initial mixing, the waste-cement paste is a colloidal 
dispersion and usually behaves like a pseudoplastlc grout whose apparent 
viscosity depends on the shear time and rate (Fig* 2). (These mixes become 
thinner at higher shearing or mixing rates*) When the mixing stops, the 
paste thickens and, with time, becomes gelatinous. The speed of 
gelation and the strength of this transition stage of paste aging are 
controlled through the formulation and processing conditions.7 

Gel strength, which is a measure of lntraparticle (colloidal) forces, 
is measured in pressure units (generally reported as lb/100 ft2)* The ini-
tial gel strength, which Is determined dynamically with a direct-indicating 
viscometer, and the 10-min gel strength, which is measured after a fresh 
paste has remained static for 10 mln, are the traditionally reported 
values. 

High gel strengths are desirable In order to prevent the segregation 
of coarse material and "bleeding," or syneresls, of radioactive pore water 
from the fresh waste forms. In the PREPP cement mix, the rate of gelation 
must be slow enough to allow the grout to flow around the coarse debris to 
the bottom of the drum during the transfer period. If the gel strength 
Increases too rapidly, a condition known as "flash set" will occur and 
the coarse material at the bottom of the drums will not be completely 
covered. This rapid gelation condition does not present a problem in many 
processes since it can be reversed by shear* This is impractical when ' 
coarse material is being encapsulated, and the condition should be avoided 
in the PREPP* Formula development studies need to identify means of 
avoiding this phenomenon* 

8—10 
The hydration reactions (Fig* 3) that result in Irreversible 

hardening are slower (hours, weeks, or years) than the fast colloidal 
effects (minutes). In the first few minutes after contact with water, 
there Is a rapid release of heat from wetting of the roasted cement 
clinker (Phase 1), followed by an induction period (Phase 2). The onset i* 
of hardening results from a group of rapid reactions (Phase 3), which are 
usually completed within the first 24 h. The resulting complex material 
continues into a fourth, long-term reaction stage (Phase 4). Mixtures of 
cement, minerals, and possolans may continue reacting for years, decades, 
centuries, and even millennia. Three-thousand-year-old pozzolanic grouts 
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from Cyprus still have not completely reacted, but they have held water 
and sequestered heavy metals successfully* 

The achievement of adequate physical properties for a particular 
service requirement Is usually not associated with clearly definable 
stages of reaction or paste maturity* The Initial and final set [as 
determined by arbitrary penetration resistances (ASTM C403-70)J could 
occur anywhere in Phases 3 and depending on the specific case. 
Consequently, the relationship between paste maturity, physical 
properties, and service durability can only be established by a series of 
tests carried out under simulated service conditions* 

The waste forms from the PREPP must be mature enough to he freeze/ 
thaw resistant before lag storage* Tests need to be performed to 
determine the stage of curing at which these waste blocks become durable 
for specific conditions of w/c ratio, air entralnment, waste loading, sand 
and fly ash contents, and other parameters. 

4. PRODUCT VERIFICATION TESTS 

Once the development studies have determined the waste form composition 
and process conditions necessary to produce proceoslble grouts from the 
PREPP feeds, quality assurance tests will be needed to ensure that the mix 
being processed will meet product specifIcatlone. This section addresses 
potential approaches to quality control problems and pertinent quality 
assurance measurements for the production and Initial lag-storage phases 
of the PREPP operation* 

4.1 GROUT FORMULATION 
The various aspecta of the components in the waste and dry-solids 

blend that require characterization have been discussed in Sects. 2.1 and 
2.2. The Annual Book of ASTM Standard*, Part 14, Concrete and Mineral 
Aggregates: Manual of Concrete Testing is a comprehensive catalog of 
standard characterization tests that can be used to establish that the 
starting materials (cement, fly ash, basalt sand, and flne-and-coarse 
aggregates) are within a plant's operating tolerances. In order to 
establish PREPP'a sensitivity and its operating parameters, as many of 
these characterizations should be performed as are practical and possible. 
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Even after twenty years of operational experience with grout 
facilities, ORNL finds It necessary to routinely take periodic grab 
samples of the dry-solids blends and make trial batches with surrogate 
wastes having the same composition as the radioactive wastes In the 
feed-holding tanks* This measure verifies that the resulting grout's 
performance is comparable to the predicted values based on laboratory 
screening tests* It Is recommended that the FREPP plant have the 
holding capacity to allow such trial batch testing* 

Forrester11 summarizes techniques used to measure the characteristics 
of the wet grout mixture* These procedures may be considered for periodic 
quality assurance (QA) procedures but may need modification to accommodate 
radioactive samples* 

4.2 DRUM FILL 
Control of the drum filling step has been identified as a major area 

of concern in a previous engineering analysis of cement and concrete 
processing equipment*Three major quality control problems are 
associated with the drum-filling process: (1) determination of the 
quantity of grout required per drum, (2) delivery control, and (3) 
verification that all debris is encapsulated in concrete* The first 
problem involves measuring the void space in the drums after coarse 
material is added* The void space must be accurately measured to 
establish the quantity of grout that will be required to encapsulate this 
varying debris* The void spaces can be measured by sealing the container 
with a gasketed lid and measuring the volume with a calibrated gas* A 
correction for the pore space in some types of construction debris would 
have to be determined* After the void space is measured, the needed 
volume of grout can be determined from the mix density* The amount of 
coarse material is expected to vary as the feed to the PREPP facility 
changes, and this will greatly affect the production rate of grout made 
from contaminated waste and fine additives (Sect. 2*2.3). 

Positive verification of the drum fill may be required for shipment 
and acceptance at the HIPP facility* In this case, the decontaminated, 
filled drums will be routed through a drum verification system to ensure 
that the grout has penetrated all waste voids* Neutron, y-ray, or x-ray 
scanners could be used to inspect the final product. 
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is m 
Ultrasonic inspection systems > that were developed for materials 

evaluation could be modified to detect incomplete filling of PREPP drums. 
These sonar methods are probably more difficult to implement and less 
effective than the scanner techniques. 
4.3 PASTE MATURITY 

Placing a fresh, cement-based waste form in the Idaho winter climate 
before the hydration reactions have reached a sufficient level of maturity 
will result in a freeze/thaw failure of the product, The necessity for a 
development study to establish thlB threshold hydration maturity for 
freeze/thaw resistance was discussed in Sect. 3, and this section suggests 
methods for predicting or verifying the paste maturity. 

Trlmethylsllylatlon and microwave techniques15'16 have been developed 
to measure the hydration maturity in fresh pastes. It may be possible to 
develop one of these for application to the PREPP waste forms. Also, it 
may be prudent to calorlmetrlcally monitor the hydration of PREPP batches 
by measuring the heat generation rate (Q). While the threshold cure of 
the paste probably occurs in the later stages of hydration, the Qux and 
'max (see 8* 3) are sensitive early indicators of hydration 
interferences. They can be used to determine a particular formula's 
response to fluctuations in waste streams that contain complex mixtures 
of set accelerators and retarders. The heat evolution rate of the PREPP 
grouts may be sufficiently distinctive to allow the determination of the 
critical threshold of cure ty a simple temperature measurement. The 
time compression of heat generation rates by Increasing temperatures can 
also aid in the interpretation of thermally accelerated tests. 

4.4 AIR ENTRAINMENT 
The principal reason for the inclusion of entrained air in concrete 

(or grouts) is to Increase its durability under freeze/thaw conditions. 
Entrained air provides protection for the ceoentltlous components of the 
concrete under all ordinary conditions of freezing and thawing. As 
discussed in Sect. 2.2.4, it Is important to ensure that the surface 
layers of the concrete contain the proper quantity and quality of 
entrained air. Handling procedures with too much vibration may result in 
deaeration, giving a less durable waste form. Entrelned air provides 
protection against freeze/thaw damage for the mortar (and usually for the 



fine aggregate)* but It does not ensure protection from the presence of 
nondurable coarse aggregates* 

Air entralnment provides a more homogeneous concrete that Is free 
from honeycombing, which Indirectly benefits all the properties of the 
final product* Air entralnment can be Increased ln grout and concretes 
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by an admixture at the time of mixing (Sect* 2*2.4)* The type of 
mixer agitation device and the length of mixing time also affect air 
entralnment. The relationship between these process conditions and the 
final air entralnment in the product must be established for reliable 
production of durable waste forms. 

Three ASTM sf.Adard test methods apply to the determination of air 
content ln fresh concrete: (1) ASTM C-138, "Standard Method of Test for 
Weight per Cubic Foot, Yield, and Air Content of Concrete," (2) ASTM 
C-231, "Standard Method of Test for Air Content of Freshly Mixed Concrete 
by the Pressure Method," and (3) ASTM C-173, "Standard Method of Teat for 
Air Content of Freshly Mixed Concrete by the Volumetric Method." The 
latter is the method used in the grouting processes at ORNL because it is 
rapid, convenient, and accurate enough for routine control purposes. 

These ASTM methods are adequate for characterizing the initial 
condition of the grout mix but cannot be used to establish the condition 
of the grout after it has been poured Into the drums and vibrated to fill 
voids around the coarse ash. Any alteration of the quantity and 
distribution of the air bubbles during the drum-filling step can only be 
determined by destructive microscopic analysis. Therefore, early 
development studies must establish a consistent relationship between the 
initial (in the mixer) and final (around the coarse aggregate) air 
entralnment in the grout to provide simple tests for freeze/thaw 
durability ln the Idaho climate. 

5. ACCELERATED DURABILITY TESTS 

Within the boundary conditions of the laboratory and real process 
time, accelerated tests on samples made from specific batches of feed 
must verify that the product will be adequate to meet the long-rauge 
service requirements. This section identifies possible approaches to 
the development of accelerated testing procedures. The general 
requirements for such tests are: 
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1* Results should be determined within hours after the mix Is made, If 
possible* Ideally, results should be available In the same shift 
that the mix Is made* 

2* Testing apparatus should be durable and suitable for field operations* 
3* Tests should be applicable to a wide range of mix variations* 
4* Results should be reproducible and provide extrapolatable 

predictions that are consistent with standardized long-term tests* 

5.1 TEST PROCEDURES 
The procedures for accelerated tests should be developed after the 

service conditions and acceptable durability criteria are established. 
First, long-term studies need to be made on selected products to 
establish the actual waste product properties. A series of accelerated 
exposure methods must then be tested on the selected products to 
determine procedures with reproducible results that correlate with the 
long-term testing. The reliability of these accelerated testing 
procedures must then be established through extensive Investigations 
covering the expected ranges of variation in the actual wastes, specific 
processing techniques, and probable service conditions* Therefore, only 
generalized approaches to accelerated testing procedures can be 
presented here* 
5*1.1 Aging 

Accelerated curing of manufactured concrete products such as blocks 
18 19 

Is performed routinely in steam rooms for periods of 1—3 d. ' In 
such a controlled environment, a consistently aged concrete is produced, 
and its compressive strength is quickly developed. In order to predict 
product performance, a number of laboratory tests are available to 
accelerate aging of small specimens, but these would be of no benefit 
at PREPP. The variations of factors such as chemical composition, 
fineness of cement, types of aggregates, and mix proportions are so 
great that the accelerated compressive strength test would be of little 
value* 

As indicated in Sect. 3, an investigation is needed to define the 
maturity points for the PREPP waste forms at which they become 
frost-resistant* A study must also establish an easily measured 
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physlcal or thermal property that la an Indicator of this point* 
Suggested methods were discussed in Sect. 4.3. 
5.1*2 Freeze/Thaw Resistance 

The three principal phenomena that can cause concrete and grout to 
deteriorate when exposed to freezing and thawing are: (1) buildup of 
hydraulic pressure In the gel structure of the cement paste, (2) growth 
of capillary ice during sustained cold periods, and (3) deterioration 
caused by failure of the concrete aggregates.20*21 Accepted methods for 
increasing the durability of concrete Include: (1) producing a high-
quality cement paste by limiting the amount of water in proportion to 
cement used in the mix, (2) using the proper amount of air-entraining 
agent to produce air-bubble spacing that will protect the concrete 
against the development of hydraulic pressure and the growth of 
capillary ice, and (3) eliminating Inferior aggregate particles. 

The standard verification method for testing representative control 
specimens 1r a controlled laboratory environment is the "Standard Method 
of Test for Resistance of Concrete to Rapid Freezing and Thawing," ASTM 
Designation C661-71, 1982 Annual Book of ASTM Standards. 
5.1.3 Encapsulated Metal Corrosion 

Accelerated exposure tests for encapsulated metal must determine: 
the degree of metal corrosion, the mechanical stability of the 
encapsulating concrete, the gas production, and the corrosion effects on 
leachability. These properties should be measured as a function of 
temperature since temperature elevation Is the most common method of 
accelerating reaction rates. However, it must be shown that the 
concrete hydration products formed at accelerated temperatures are 
reasonably the same as those formed at "normal" temperatures over a 
longer period of time. In this case,"normal" refers to the average 
cxpected lag-storage temperatures. Therefore, the petrologies of the 
concretes, with and without the presence of metal, leachant, and 
elevated temperature, must be determined. Also, the corrosion rates 
must be measured as a function of temperature and time in the presence 
of concrete and/or leachant with and without radiation. Results for 
elevated temperatures must be compared with data for normal temperatures 
and real times to determine the acceleration factors. 
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One possible test-specimen design would be a metal cylinder filled 
with concrete* The push-out strength, durability of the plug, 
leachabillty, and gas formation could be determined with this 
configuration* Cross sections could be made to study the metal-concrete 
interface* 

Several recent studies on metal corrosion in concrete have proposed 
22—26 

theoretical corrosion mechanisms* These Include the concrete 
properties that control corrosion, such as oxygen permeability, 
pore-water resistivity, and the promotion or disruption of passivatlng 
films* The application of these mechanisms to predictive modeling is 
not always reliable; for example, in some cases, reinforcement bars 
(rebars) from concrete boats that have sunk in shallow water and been 
exposed to the surf for 25 years have corroded so little that they 
still show the original machine marks* In other cases, the rebars have 
corroded so rapidly that they have blown off their concrete covering* 
Research into the relationships between concrete composition and field 
performance is just beginning to receive serious attention. 
5*1*4 Radiolysis 

Accelerated radiolysis tests are performed by placing representative 
cement/waste specimens ln the presence of 60Co sources with Vfluxes of 
1 x 10§-i x 108 R/h or by spiking waste product formulas with 21f^Cm, an 
o-em'tter. The accelerated a-radlolysls technique Is re?evant to the 
PREFP waste forms. 

This type of test has been performed at ORNL with several samples 27 
containing Savannah River Plant (SRP) waste* When 8-g waste 
specimens are spiked with 4*5, 1.5, and 0.5 mg of 2>*'*Cm, this results in 
ordose rates of 5.6 x 105, 1.9 x 105, and 6.3 x 10** rad/h, respectively. 
If the a-dose rate of the real waste is 6 rad/h, each of these test days 
provides the equivalent dose ln the life of a real waste form of 300, 
100, and 30 years, respectively. Therefore, It Is possible to simulate 
10,000 years of exposure ln two months of testing* 

The gas generation coefficients (G, molecules/100 eV) generated by 
these experiments sre time-dependent and are sensitive to the waste form 
w/c ratio and to the experimental design. Therefore, the results may 
strongly reflect the srbltrary specimen size, the dead volume of the 
apparatus, the spiking procedure, and the time Interval, rather than the 
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inherent radiolytic properties of the specimens* Experimental 
conditions must be faithfully reproduced s.u order to reach conclusions. 
Consequently, extrapolations of these data "M comparisons with results 
of other researchers are very difficult. 

The literature generally reports G values taken from the steep 
initial linear portion of the gas generatlon-vs-tlme plots. If values 
were taken from the flatter portions of these plots that reflect the 
increase of the recombination reactions with increasing pressure, the 
estimated Integrated off-gassing would be lower by a factor of 3-4.27 

Also, ̂ C m is usually spiked from a nitric acid solution, resulting in 
a homogeneous elemental distribution. However, real waste has most of 
the a-actlvlty bound in large agglomerates that reduce the actual a-dose 
to the cement by as much as a factor of 100, due to self-absorption. 
The use of small specimens also eliminates the recombination effects 
because the diffusion paths are unreallstlcally short. Simple linear 
extrapolations of such G values overestimate the actual gas generation 
by factors of 3-10,000. 
5.1.5 Leachabllity 

The Materials Characterization Center (MCC) of Battelle-Paclflc 
Northwest Laboratory (PNL) has the responsibility for developing a 
series of tests for certifying radioactive waste forms. ORNL has used 

28 both the MCC-1 test, which is a static test at elevated temperatures, 
29 

and the IAEA dynamic leach test. The American Nuclear Society also 
recommends a leach procedure (ANS 16.1). 

For screening formulations, the ANS 16.1 is recommended, but only 
the MCC test data are accepted by DOE. The Nuclear Regulatory 
Commission (NRC) accepts an extended ANS 16.1 for qualifying a 
prospective waste form. Ho correlations have been established between 
long-term leach behavior and results from any of these standard leach 
tests. 
5.2 EXTRAPOLATION OF TEST DATA 

Laboratory specimens are accelerated through the projected service 
environments of the waste forms by simulating and increasing the 
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frequency of cycles (e.g., wet/dry, freeze/thaw) and Increasing the 
Intensity of environmental parameters (temperatures, pressures, and 
concentrations). Data from an Increase in frequency may be easily 
extrapolated. However, both frequency and Intensity are usually 
Increased simultaneously In these tests. Since the aging mechanisms of 
the specimens are generally unknown and are nonlinear with respect to 
these intensity parameters, the interpretation of test results is 
limited in most cases to empirical correlations. 

There are two points to consider in thermally accelerating the curing 
or deterioration of waste forms. First, there are several reaction paths 
for mixtures of cement minerals, fly ash, and waste components. The 
energies of activation (AG+) are very low for the hydration/hydrothermal 
reactions shown in Fig. 3 [>v50 to <25 kJ/mol fvl2 to <6 kcal/mol) for the 
early (Phase 3) and late (Phase 4) reactions, respectively]. Equation (1) 
shows that each ten-degree increase in temperature doubles the rates of 
the Phase 3 reactions and triples the rates of those in Phase 4: 

Reaction rate - Ae~AC*/RT , (1) 
where A - frequency factor, R - 8.4 J/mol*K (2 cal/mol'K), and T -
temperature, K. 

A moderate temperature Increase (20—30°C) in laboratory samples will 
significantly modify the relative rates of serial and parallel reaction 
paths and can result in specimens with compositions and textures that 
differ significantly from those of the samples cured at ambient 
temperatures. 

A second consideration relates to the thermodynamic equilibrium of 
these systems. While results show that even very old grouts 
(2,000-3,000 years old) have large portions of amorphous phases and have 
not reached equilibrium, the fresh pastes evolve rapidly toward a number 
of crystalline hydrates. Table 4 summarizes some examples of free 
energy values for cement hydration reactions from Sarkar, Barnes, and 
Roy.10 

Several conclusions may be reached from the data shown in Table 4: 
1. The free energies of these reactions are moderate to low 

[<84 kJ/aol (<20 kcal/nol)]. 
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Table 4. Comparison of free energies (AG0) of selected 
cement hydration reactions'* 
Free energy values, AG0 (kJ/mol (kcal/mol)] 

From From 
0-C2S C38 

At 25 *C At 100°C At 25"C At 100°C 
Hlllebrandlte -10.1 (-2.41) -6.72 (-1.60) -79.0 (-18.8) -71.0 (-16.9; 

Afwillite +16.6 (+3.94) +28.6 (+6.82) -51.2 (-12.2) -42.0 (-10.0) 

Foshaglte -7.18 (-1.71) -2.73 (-0.65) -75.2 (-17.9) -68.0 (-16.2) 

Xonotllite -1.76 (-0.42) +2.06 (+0.49) -69.7 (-16.6) -63.4 (-15.1) 
Tobermorlte -5.80 (-1.38) +0.76 (+0.18) -74.3 (-17.7) -63.0 (-15.0) 

Gyrollte -2.06 (-0.49) +5.33 (+1.27) -74.8 (-17.8) -64.7 (-15.4) 
Okenite +5.80 (+1.38) +14.7 (+3.50) -62.6 (-14.9) -49.6 (-11.8) 

Values derived from A. K. Sakar, M. W. Barnes, and D. M. Roy, 
Longevity of Borehole and Shaft Sealing Materials: Thermodynamic 
Properties of Cements and Related Phases Applied to Repository Sealingt 
ONWI-2OI, Pennsylvania State University, University Park (September 1982). 
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2. The thermodynamic discrimination is poor because no single end 
product is clearly favored energetically* 

3. In the case of beta-dicalclum silicate (0-C2S) hydration products, 
Increasing the temperature will reverse the direction of most of 
the reactions. 

Based on these observstions, It Is probable that specimens exposed to 
elevated temperatures will be significantly different from those cured 

mger times at ambient temperatures. 
"NMrtheless, accelerated curing and exposure tests are effectively 

used in industry* Through experience, industry has been able to develop 
empirical correlations between the results for actual and accelerated 
reaction coordinates for various properties. An example Is shown in the 
following expression: 

p„<tn) - . (2) 0 ̂ aCta) + o 
where 

t - time, s 

Pn • property at designated time under expected conditions, 
Pa - property at designated time under accelerated conditions, 
0 • first-order correlation coefficient, 
a • correlation constant. 

6. SUMMARY 

This report identifies possible approaches to quality assurance and 
accelerated performance testing of concrete properties that could be 
used for grout mixtures containing wastes from the EG&G Idaho, Inc., 
PREPP incinerator at INEL. Processing parameters that affect product 
performance, definitions of pertinent concepts, and the mechanisms that 
control concrete formation and performance have been discussed in order 
to give guidance for the modification of existing standardized tests. 

At this early stage ln the PREPP design, the waste-stream 
properties, processing parameters, and waste-form performance criteria 
have not been well defined. Therefore, this report discusses only the 
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need Cor process-control guidelines and recommends general approaches to 
testing methods. Studies are suggested which may develop the quality 
assurance and accelerated test procedures needed to ensure the quality 
of the PREPP waste forms. These developmental possibilities should be 
revised continuously as the parameters of various process steps In the 
PREPP flow sheet are more quantitatively defined. 
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