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A PRELIMINAPY ENGINEERING AND ECONOMIC ANALYSIS OF THE 
FIXATION O r HIGH-LEVEL RADIOACTIVE WASTES IN CONCRETE 

H. 0. Weeren and J. J. Perona 

ABSTRACT 

The known advantages of concrete as a matrix for the 
fixation of radioactive wastes of low specific activity 
suggest the possible extension of this process to wastes 
of higher specific activity, such as defense or commercial 
high-level wastes. This study of the engineering and eco-
nomic feasibility of such an extension was made to (1) 
determine the inherent problems of the process, (2) determine 
areas in which more information is needed, and (3) make some 
preliminary cost comparisons as an indication of the overall 
economic practicability of the process. 

This study was based on a waste fixation facility 
that would serve a reprocessing plant with a capacity of 
5 metric tons of uranium per day (MTU/day). Postirrad i-
tion cooling times of 3 to 10 years prior to waste 
solidification were assumed. The waste solution would 
be concentrated, denitrated, mixed with cement, and 
cast under pressure in cylindrical canisters similar 
to those envisioned for a glass facility. The solidified 
waste grout would be vented, to allow the free water to 
escape, and then sealed. The filled canisters would be 
shipped to a geologic repository for permanent storage. 

Recent work with concretes formed under elevated 
temperatures and pressures (FUETAP) indicates that they 
are highly leach resistant and that some of the physical 
properties (density, compressive strength, etc.) of the 
product are considerably improved. The concrete fixation 
of high-level radioactive wastes would require that the 
waste grout be cast at a temperature and pressure high 
enough for the FUETAP phenomena to have a significant 
effect on product properties. 

The operating costs (labor, chemicals, canisters, 
shipping, and repository) were estimated for a waste 
fixation facility under several conditions. The largest 
part of the operating cost would be repository charges 
(70 to 90% of the annual operating cost for each case 
studied). Because this cost is so large, the method 
selected for the allocation of repository charges 
(as a function of thermal power, time of cooling, etc.) 
will affect the comparative costs much ;niore than will 
process variables. ^ , ' ' . • ; • 
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Operating costs for a glass fixation facility were 
also estimated and compared with the operating costs 
for a concrete fixation facility , The glass facility 
would have operating costs about 12% lower. From 
extrapolation of comparative design studies made for 
wastes of much lower thermal power, it is estimated 
that the capital cost of a glass fixation facility would 
be 60 to 80% more than that of a concrete fixation 
facility. Therefore, the overall annual operating cost 
(amortized capital plus direct operating cost) would be 
somewhat lower for the concrete fixation facility. 

Wastes with low heat-generation rates were not 
specifically included in this study; however, the 
concrete fixation process should be easily adaptable 
to such wastes. 

The principal conclusion of this study is that 
concrete could be an alternative to glass as a matrix 
for fixation of wastes with high heat-generation rates. 
The operating costs of an optimized concrete fixation 
process would probably not be greatly higher than the 
operating costs of a glass plant, and the capital costs 
would almost surely be lower. In addition, the concrete 
process is not a high-temperature process and would not 
have the consequent operating problems. 

Conclusive data on the long-term stability of the 
concrete waste form are not available; the conclusions 
of this report are based on process and economic 
considerations only. 
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1. INTRODUCTION 

Concrete has been used for many years as a matrix for the fixation 
of low- and intermediate-level radioactive wastes. It has many advantages 
for this applicatior* (1) The waste-concrete mixture is noncombustible 
and is resistant to radiation damage. (2) It can be made highly leach 
resistant and can have considerable structural strength. (3) The mixing 
process is a relatively simple ambient-temperature operation. These 
advantages of concrete for the fixation of wastes of low specific activity 
suggest the possible extension of this technique to wastes of higher heat-
generation rates. This study of the engineering feasibility of using a 
concrete matrix to fix wastes of high thermal power, such as intermediate-
or high-level commercial or defense wastes, was made to (1) determine the 
inherent problems of the process, (2) determine areas in which more 
information is needed, and (3) make preliminary cost comparisons for 
estimation of the overall practicability of the concrete process and the 
economic range of some of the process parameters. 

Recent work at Oak Ridge National Laboratory (ORNL) with concretes 
formed under elevated temperatures and pressures (FUETAP) indicates that 
the density and compressive strength of the product are considerably 
improved over conventional concretes."'" The fixation of high-level wastes 
in concrete would normally require forming under moderately elevated 
temperature and pressure. (The rate of heat generation would be high 
enough that the temperature of at least some of the grout* would exceed 
the boiling point of water if the canister were not pressurized.) 
Therefore, the properties of the waste product would benefit from setting 
reactions that occur at elevated temperatures and would produce the 
observed improvement in physical properties. There is also some evidence 
that FUETAP concretes have improved chemical properties (better stability 
under repository conditions, better leach resistance, and better recom-
bination rates for radiolytically produced gases); however, these indica-
tions are not fully verified. ^ 

* Grout is defined as a fluid concrete mix that has not yet set. 



2. DESIGN BASIS 

The design basis of this study is the high-level waste stream from 
a chemical processing plant with a capacity of 5 metric tons of uranium 
per day (MTU/day). The feed is assumed to be similar to that described 
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by Berreth et al. — a volume of 225 gal/MTU, a nitric acid (HN03) 
content of 1 M, and a mixed fission- and corrosion-products content of 
approximately 75 g/liter. Figure 1 is a curve of specific power of 
the waste solution as a function of cooling time. 

3. CEMENT MIXES 

Much investigative work has been done to characterize the mix of 
cement and various waste forms, most particularly at the Savannah River 
Laboratory (SRL). This work has indicated that the properties of the 
final product can vary considerably, depending on the cement mix used, 
the chemical composition of the waste added, the methods of mixing and 
curing, and other factors. Some of the information pertinent to this 
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study is summarized below; additional information is given by Stone 

4 
and Bibler. 

The SRL work has been directed toward fixation of a dried sludge in 
a concrete matrix. A product with moderately high compressive strength 
was desired, and a low water-to-cement ratio was used, mainly because 
this ratio is an important factor in the production of high-quality 
commercial concrete. Many different cements were evaluated. The grouts 
produced at water-to-cement ratios between about 0.3 and 0.9 were quite 
viscous ,(described as pastes). The compressive strengths of the concretes 
formed varied primarily with sludge content and ranged from about 10,000 
psi with no sludge to 4000 psi with 40% sludge. A cured concrete specimen 
could be heated to 464°F (240°C) in a closed container without generating 
a steam pressure in excess of 50 psi if the specimen's free water had 
been removed previously by evaporation. The quantity and composition of 
the gas generated by radiolysis varied with sample composition and 
irradiation rate. ,r>tf:\ 
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ii 
Fig. 1. Specific power of feed to fixation facility. 
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At ORNL, intermediate-level waste solution is mixed with a cement-
base solids blend and is disposed of by the shale fracture process. It 
is necessary to have a "pumpable" grout in this process, and comparatively 
high ratios (^1.5) of water to dry solids are used. The "viscosity" of 
the grout is about 25 to 30 cP. The dry-solids mix consists of cement, 
fly ash, drilling clay, to retain excess water, pottery clay to fix, 
cesium, and a retarder to delay setting. The compressive strength of 

-••ii 
the cured grout,is low (^200 psi). The leach rate for cesium, strontium, 

'tj- 5 
plutonium, and curium is very low (about that of a borosilicate glass). 

It'v ̂ fecent wo rk at ORNL, the effect on the properties of cured concrete 
resulting fi-om allowing it to set Under elevated temperatures and pressures 

jj X '' u " ^ is being investigated. Preliminary work with these FUETAP concretes <Kt , 
indicates that concretes that set at 480°F (250°C) and 600 psi have " . ° 1 

<- ' -

improved compressive strength (M000 psi). -The leach rates of these ; 
concxretes are being evaluated, but presumably they are at least.as good ' ' 7 Is ' ° as those of the shale fracturing 

grout. • ( 0• 
u The concrete mixes discussed above are formed by mixing water, dry 

solids, and cemeatitious materials in quite different proportions (Fig. 2). 
The weights shown in parentheses (Fig. 2) ,are those required to produce 

u - ' i fj '•»., .„' >-. 100 lb of concrete grout by each process. In the work reported by4|SRL, 
three weight ratios are used (Fig. 2) — water to cement, sludge to cement, 
and sludge to total solid.s.' For the mixes in use at ORNL,' an additional^ 
set of ratios is calculated in which the fly ash is,treated as though it 
were cement. A comparison of these ratios points to the striking differ- -' 
ences in these mixes, particularly .in the water-to-cement ratios. 

4. PROCESS DESCRIPTION 

4.1 Overall' 

The conceptional concrete fixation,process is described briefly in 
this section; Individual process steps are discussed, in more detail in 
subsequent sectionsv Figure 3 is a flow diagram oWthe process. .. -.. .: .. -
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Fig. 3. Flowsheet for the fixation of high-level waste in concrete. 
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High-level waste solutions can be incorporated in concrete by two 
quite different operational methods. In one of these methods, the waste 
solution can be dried or calcined and the dried waste solids then mixed 
with the proper quantities of water and cement. The equipment needed 
for the drying operation would be very difficult to design and operate, 
and the problems of handling and proportioning highly radioactive dry 
solids would be quite formidable. In the alternative approach, the 
waste solution would be concentrated as much as possible, and then the 
concentrated solution would be mixed with cement. In this option the 
water remaining in the concentrated waste solution would suffice for the 
reactions with the cement, and additional water would not be needed. 
The waste would remain as a solution or dilute slurry until mixed with 
cement; handling and proportioning problems would be much more tractable 
than for the first option. No compensating advantages are seen for the 
first option, except for those special cases in which the waste feed is 
already in the form of a slurry or dry powder. The second operational 
method is assumed in this study. 

In the first step of the concrete fixation process, the feed solu-
tion (1125 gal/day) is concentrated by evaporation. The likely limiting 
process concentration is not known and is a significant process parameter. 
For this study, several values are considered and the effect of a varia-
tion on process costs is determined. A concentration of up to 320 gal/day 
is assumed for the reference example given in Fig. 3. The evaporator 
concentrate would contain up to 5 moles per liter of nitrate (mainly as 
HN03). This high nitrate concentration could possibly adversely affect 
the radiation stability and the leach resistance of the concrete product, 
and treatment of this stream to reduce the nitrate concentration would 
probably be required. Several processes for the reduction of nitrate 
concentration are in use or have been proposed; none is obviously superior 
for this application. It is postulated for this study that the adopted 
process would decompose all or almost all of the HNO3 and that the 
residues would not greatly interfere with the setting reactions of the 
grout. A neutral or slightly alkaline solution would be required at this 
point. 
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The off-gas from the denitration treatment would consist of nitrogen, 
oxygen, and oxides of nitrogen. This gas would be filtered and vented 
after having been treated to recover, remove, or decompose the nitrogen 
oxides. Very few volatile fission products would be present in this 
stream. 

The denitrated waste solution would be mixed with a cement-base mix 
and discharged into a waste canister. The weight ratio of the water 
content of the waste solution to the cement-forming ingredients of the 
dry mix is another unresolved parameter of this process. Work at SRL 
has been mostly with water-to-cement ratios of 0.3 to 0.7. Grouts made 
with these low quantities of water are very thick and viscous and would 
be difficult to mix and pour. For this study, a higher ratio of 1-45 
has been selected for reasons detailed in Sect. 4.3. In the reference 
case (Fig. 3), 450 gal/day of grout would be produced. 

The diameter of the waste canister that is used would be determined 
by several factors: (1) the specific power of the waste grout, (2) the 
thermal conductivity of the grout and the concrete formed from it, 
(3) the maximum allowable centerline temperature, and (4) the rate at 
which heat would be dissipated from the canister surface. Selected 
values for the specific power of the waste concrete are given in Table 1 
as a function of concrete volume and cooling time. It is assumed that 
the maximum allowable temperature at this stage of the process is 480°F 
(250°C), that the thermal conductivity is 0.5 Btu/hr-ft-°F (0.865 W/m-°C), 
and that the heat is dissipated by natural convection to stagnant air at 
80°F (27°C). Under these assumed conditions, waste grout with a specific 
power of up to 5 W/liter could be put into a 24-in.-diam container, grout 
with a specific activity between 5 and 18 W/liter could be put into a 
12-in.-diam container, and grout with a specific activity between 18 and 
50 W/liter could be put into a 6-in.-diam container. Somewhat higher 
specific activities could be tolerated in a container of given diameter 
if forced-air circulation or water cooling were used; these special cases 
are discussed in Sect. 4.4. In the reference case (Fig. 3), 12-in.-diam 
containers are filled to a depth of 8 ft. The maximum centerline temper-
ature would be 330°F (166°C). 
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Table 1. Selected values for specific power 
of waste concrete 

Specific power (W/liter) Concrete volume -—~—-, — . . Cooled waste 
(gal/day; 2-year 3-year 5-year 10-year 

450 15.6 10.5 5.1 2.9 

700 10.0 6.8 3.3 1.9 

1000 7.n 4.7 1.2 1.3 

After a waste canister had been filled, a minimum of several hours 
would be required for the grout to set. During this time the canister 
should be pressurized sufficiently to prevent boiling of the grout. 
Work done at ORNL with FUETAP concretes indicates that improved physical 
properties of the set concretes may result if the grout is allowed to 
set under an elevated temperatuie and pressure [up to 480°F (250°C) and 
600 psi]."*" Such conditions could be achieved by a moderate initial 
pressurization and subsequent sealing of the canister. Water vapor 
generated internally by evaporation would then pressurize the container 
to the required level. This pressure would be kept well below the 
working pressure of the canister (assumed in this study to be that of 
sched-40 pipe for 6- and 12-in.-diam canisters), which is about 1400 psi 
for 6-in., 990 psi for 12-in., and 700 psi for 24-in. canisters (0.5-iu.-
thick wall). 

Sufficient time would be allowed for the setting reactions to occur, 
then the canister would be vented and the free water in the concrete 
would be allowed to escape. Substantial quantities of water are involved. 
The nonevaporable water is generally taken to be 25 wt % of the cement 
in concrete; the remaining water is assumed to be evaporable. In the 
reference case the evaporable water would be about 250 lb per canister. 
The water removal step would minimize pressurization of the container by 
internally generated water vapor if the canister were subsequently heated 
during interim storage, shipment, or repository storage. 
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After the. free water is released from the concrete, the canister 
would be sealed and moved to interim storage that would have sufficient 
capacity to allow some flexibility in the scheduling of shipments to 
the repository. After interim storage, the canisters would be loaded 
in a shipping cask. The size of the cask and the number of canisters 
per cask would vary, depending on the age of the waste and the diameter 
of the canister. In all cases the maximum centerline temperature would 
be below 570°F (300°C). 

At the repository, the carrier would be unloaded and the canisters 
would be placed in individual holes in the salt. The resulting maximum 
waste temperatures can be calculated from & relationship derived from 
calculations by Cheverton and Turner.^ This relationship gives the peak 
surface temperature as a function of thermal power for 6-in.-diam canis-
ters. Chevertcu and Turner made a brief investigation of the effect of 
container diameter and found that the rise in peak surface temperature is 
13 to 17% less for 14-in. canisters than for a 6-in. canister because 
of the larger area for heat dissipation. Details of these temperature 
calculations are given in Sect. 4.7. 

The concrete fixation process is perhaps better adapted to longer-
cooled wastes than to the 3-year-cooled wastes considered in the reference 
case. Wastes that had been out of the reactor for several years would 
have lower specific power and could be cast in larger canisters than 
could the 3-year-cooled waste. The cost of canisters, the shipping cost, 
and the repository storage cost would be much reduced. These factors 
are considered further in Sect. 5. For the special case of long-cooled 
alkaline waste sludges (such as exist at Savannah River, Hanford, and 
NFS), the concrete fixation process offers an attractive alternative to 
glass fixation, particularly if FUETAP concretes fulfill their early 
promise. 
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b.2 Feed Preparation 

The initial process steps in the fixation of acid waste solution 
in concrete are concentration and denitration. Concentration would be 
accomplished by evaporation; the degree of concentration is expected to 
be limited by the precipitation of various chemical species from solution, 
which occurs as evaporation proceeds and as the solubility of these species 
is exceeded. Operating experience with various types of feed solutions 
would be required to establish the feasible concentration limit. In the 
absence of such experience, the concentration limit has been treated as 
a parameter in this study. Concentration by a factor of 3.5 was assumed 
in the reference case (Fig. 3). In Sect. 5 other concentration factors 
are considered, and the effect of this parameter on the operating costs 
of the process is estimated. The assumed concentration factor is about 
50% greater than the concentration suggested in an Energy Research and 
Development Administration (ERDA) report^ and probably represents the 
the maximum achievable concentration. The concentration assumed for the 
reference case corresponds to a waste-solids content of 20 wt % in the 
evaporator bottoms. 

The excess water evaporated from the waste solution would be con-
densed, collected, and combined in a subsequent process step with the 
water evaporated from the vented canisters. Some part of this water 
could be used within the facility, but the bulk of the water would have 
to be further treated and disposed of by some means juch as evaporation 
or ion exchange. This treatment was not considered in this study. 

The concentrated waste solution would contain a considerable amount 
of nitrates, mainly as HN03. This acid must be neutralized before this 
waste is fixed in concrete. In addition, it is likely that a high 
nitrate concentration would adversely affect either the radiation 
stability or the leach resistance of the concrete product. The serious-
ness of this nitrate problem is not known, but the prcblem is being 
studied. The little available evidence indicates that neither the 
radiation stability nor the radionuclide leach rate is adversely affected 
by moderate nitrate concentrations. Work at SRL on the irradiation of 
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concrete samples indicated a lower pressure buildup from samples con-
4 

taining nitrates than from samples that were free of nitrates. (The 
nitrates apparently catalyzed a back-reaction between the radiolysis 
products.) Comparative leach tests on samples containing different 
concentrations of nitrates have indicated no appreciable difference in g 
the amount of 137Cs leached. Despite these indications, the need for 
a nitrate removal process that would reduce the nitrate concentration 
to less than 1 M was assumed for this study. 

A number of processes ha^e been tested or are in use at various 9-13 
sites for the denitration of nitric acid solutions. Treatment with 
formic acid has been tried in Germany and at SRL. Treatment with sugar 
has been used at Hanford and is proposed for AGNS (Allied-General). A 
formaldehyde process has been demonstrated on a full scale at Hanford's 
Purex Plant. The most suitable process for this particular application 
is not obvious from a literature survey, but the formic acid and form-
aldehyde processes appear to be the most promising and are described 
briefly below. The use of sugar requires a lengthy cycle time for 
complete reaction ("̂ 24 hr). In addition, sugar is known to have an 
inhibiting effect on the setting of cement, even at quite low concentra-
tions. If this process should be used for denitration, care would have 
to be taken to eliminate any traces of unreacted sugar from the waste 
solution before the next process operation. 

Different methods have been used in Germany and at SRL to denitrate 
waste solutions with formic acid, and different results have been reported. 12 
In Germany the waste was introduced into boiling formic acid. The 
average off-gas composition was 78% C02, 16% N2O, 5% NO, and 1% N2. 
A final pH of between 7 and 8 was obtained. At SRL the formic acid was 9 
added to the waste. The off-gas composition was about 20% NO, 10% N20, 
and 70% CO2. A pH as high as that reported in the German reference 
(ref. 12) could not be obtained. Some nitrates [HN03 and Fe(N03)3] could 
be denitrated readily; the denitration of A1(N03)3 was more difficult 
and NaNOa was not decomposed. Denitration of A1(N03)3 resulted in the 
formation of residual formates that could be as detrimental to the con-
crete fixation process as the original nitrates. In general, however, 
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it appears that formic acid could be used for the denitration of waste-
feed solution prior to mixing with cement. 

At Hanford a Purex waste solution was denitrac. .. with formaldehyde 
13 

in a series of plant-scale runs with actual waste solution. The con-
centration of free acid was reduced from 6.1 M to between 0.5 and 1.0 M. 
The process was operated at a temperature of 17o°F (80°C) or above; the 
reaction was described as smooth and easily and safely controlled. 
About 60% of the nitrogen oxides liberated were recovered as HN03. This 
process, too, could be used for the denitration of waste-feed solution 
in concrete fixation. , 

The off-gas from the denitration step would consist of water, nitrogen, 
oxygen, nitrogen oxides, and possibly other gases. These gases would be 
processed to remove radioactive contaminants and nitrogen oxides. The 
treated off-gas would be discharged. 

4.3 Mixing 

In the mixing operation, the denitrated waste solution would be 
combined with a cement-base mix and discharged into a waste canister. 
Because the volume of the waste stream would be comparatively small, 
this operation would probably be done in batches. Simpler process con-
trol would be an additional advantage of this mode of operation. 
Retarders could be used to delay the setting time of the mix, and the 
mix hold tank could be cooled to remove radioactive-decay heat. [Cooling 
would probably not be necessary; the rate of temperature rise for waste 
with a specific activity of 10.5 W/liter would be about 11°F (6.1°C)/hr 
for the adiabatic case.] The waste solution and the dry mix would be 
charged separately to the mixer and mixed thoroughly. The resulting 
grout would then be discharged from the mixer into the waste canisters. 
The mixer would be washed with water to remove residues of waste grout, 
and this contaminated wash water would be dropped to a hold tank for 
subsequent recycling. A very dilute grout that is agitated until it has 
set will form a sandlike slurry that can be handled fairly easily. Such 
a treatment would convert the residues from the mixer cleanup operation 
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to a form that could be recycled and would thereby avoid the problems 
associated with the disposal of another contaminated side stream. 

The amount of cement mix that would be required to fix a given 
volume of waste solution has not been established for this process. 
Work done at SRL with a somewhat different system suggests that a water--
to-cement ratio of between 0.3 and 0.9 is near minimal for the sludges 
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considered in that study. These low ratios were apparently selected 
because a product with moderately high compressive strength was desired, 
and in the production of high-quality commercial concretes, this ratio 
is minimized to increase compressive strength. Grouts that are prepared 
with low water-to-cement ratios are thick and viscous (described as 
pastes) and would be difficult to mix and pour. A more fluid mix is 
desirable for this process and a higher ratio has been selected — one 
based largely on ORNL experience with shale fracturing grouts. In the 
shale fracturing process, a mix ratio of about 7 lb of dry solids per 
gallon of waste solution gives a grout that is quite fluid and pumpable 
(the "viscosity" is about 25 cP). This mix ratio is equivalent to a 
water-to-cement plus fly-ash ratio of 1.45. These grouts have compara-
tively low compressive strengths after setting, but tests done at ORNL 
with FUETAP concretes have indicated that the compressive strength can 
be increased substantially by allowing the grout to set under conditions 
of elevated temperature and pressure [up to 480°F (250°C) and 600 psi]."'' 
If the grouts are allowed to set at elevated temperature and pressure, 
it seems probable that water-to-cement ratios similar to those used in 
the shale fracturing process could be used in a concrete fixation process 
without undue sacrifice of concrete strength. 

The use of a high water-to-cement ratio would not result in larger 
grout volumes; in fact, the grout volumes would be smaller (given the 
same feed solution). The mass ratios for processes with high and low 
water-to-cement ratios are shown in block diagrams in Fig. 4. The first 
two processes are based on the same feed to the mixer. Option A is based 
on a water-to-cement plus fly-ash ratio of 1.4; option B is based on a 
ratio of 0.7. The product volume of option B is 25% greater than the 
product volume of option A. Option C is an extension of option B. It 
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OPTION A: = 1.4 

ORNL-DWG 7 9 - 4 8 I R 

732 lb solids 
2537 lb water 

2 0 8 0 lb mix 

4 5 0 gal 
5349 lb 

732 lb solids 
2537 lb water 
2 0 8 0 lb mix 

OPTION B: w/C = 0.7 

4356 lb mix 

732 lb solids 
2537 lb water 
4 3 5 6 ib mix 

/ 

OPTION C: w /c = 0 .4 ; S/c = 0 . 4 

7 3 2 Ib solids 
1410 Ib water 
4 2 3 6 Ib mix 

Fig. 4. Solids and liquid proportions for mixing operation. 

732 Ib solids 
2537 Ib water 

569 gal 
7625 Ib 

1410 Ib water- 1 4236 Ib mi 

428 gal 
6378 Ib 

732 Ib solids 
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is based on the assumptions that (1) the waste feed to the mixer is a 
dry solid, (2) the water-to-cement plus fly-ash ratio is 0.4, and (3) the 
ratio of noncement solids-to-cement plus fly-ash solids is also 0.4. In 
this option the final product volume is slightly less than for option A. 
Option C is presented here only for illustrative purposes; it was not 
considered in this study for the reasons given in Sect. 4.1. 

Based on the considerations given above, the use of mix ratios high 
in water would have two major advantages: (1) The grout would be quite 
fluid, and the mixing and canister-filling operations would be greatly 
simplified. (2) The final grout volume would be substantially smaller 
than if more cement were used. Two possible disadvantages of high 
water-to-cement mix ratios are as follows: (1) The product would have 
a lower (but probably adequate) strength. (2) Less of the water would 
be hydrated in the concrete structure and, therefore, more water would 
have to be evaporated from the set grout, but this difference would not 
be large (^9% higher for option A). Use of the higher water-to-cement 
mix ratio has been assumed in the remainder of this report. 

The individual constituents making up the dry cement-base mix must 
be determined by experimentation. They would probably include Portland 
cement, fly ash to fix strontium, attapulgite drilling clay to fix 
surplus water, and a pottery clay to fix cesium. The proportions of 
these different ingredients could be varied as required to make a mix 
compatible with various waste solutions. 

4.4 Casting 

The waste grout would be cast in containers that are assumed to be 
6, 12, or 24 in. in diameter and 10 ft long. The assumed filled length 
is 8 ft. The diameter of the container used for a particular batch of 
the waste grout would be chosen so that the centerline temperature of 
the grout in the container would not exceed 480°F (250°C) prior to the 
setting of the grout. This temperature limit is based on limited 
knowledge of the effect of high temperature on the principal setting 
reactions of cement and must be verified by experimentation. This 
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centerline temperature would be determined by the specific power of the 
waste grout, the thermal conductivity of the grout, the container diam-
eter, and the efficiency of the method used to cool the container. A 
thermal conductivity of 0.5 Btu/hr-ft-°F (0.865 W/m-°C) was assumed 
for this study. This value was based on SRL data that indicate values 

3 
between 0.29 and 0.56 for Portland cement with 25% sludge or less. 
Canister cooling by natural convection in 80°F (27°C) air was assumed to 
be the method of choice for heat dissipation. The equation that describes 
the temperature distribution within a mass containing an internal heat 
source is 

£ 
•l ~ 4K 

AR 
T ! - T 2 = . (1) 

where 

Tj = centerline temperature (°F), 

T z = wall temperature (°F), 

A = specific heat-generation rate (Btu/hr-ft3), 

R = radius (ft), 

K = thermal conductivity (Btu/hr-ft•°F). 

The equation that determines the temperature difference between a pipe 
wall and the surroundings is approximated by 

T2 ~ Tair = 2hTTRL ' ( 2 ) 

where 

Q = quantity of heat transferred (Btu/hr), 

h = heat-transfer coefficient (Btu/hr-ft2-"F), 

L = length of container (ft). 

Literature values foro the heat-transfer coefficient for natural convec-
tion to stagnant air at about 100°F (38°C) vary from 0.8 to 2.5. A 
value of 2.0 is used in this study. 
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Using the above relationships, the ceuterline temperature of canis-
ters of different diameters is calculated as a function of grout specific 
activity and is shown in Fig. 5. The mc.timum specific activity of grout 
that can be put in containers of various diameters can be determined 
from this plot. The grout specific activity in a 24-in.-diam canister 
can be slightly over 5 W/liter, about 16 W/liter in a 12-in.-diam 
container and 44 W/liter in a 6-in.-diam container. 

If the filled canisters are cooled by forced-air circulation or by U 
submersion in water, considerably better heat-transfer coefficients can 
be obtained and grout of appreciably higher specific activity can be 
charged to a canister of a given diameter. With forced-air circulation 
past the filled canisters, a heat-transfer coefficient of about 
8 Btu/hr•ft2•°F could be expected, and a grout with a specific activity 
of up to 26 W/liter could be loaded in a 12-in. canister. If the filled 
canisters were cooled by submersion in water, a heat-transfer coefficient 

< • 

of about 20 Btu/hr-ft2•°F could be expected, and a grout with a specific 
activity of up to 30 W/liter could be loaded in a 12-in. canister. The 
advantage to be gained by more intensive cooling of the canisters is 
rather marginal under most condf.tions. The heat that is generated by 
the waste must be dissipated during shipment to the repository and during 
storage at the repository without the centerline temperature exceeding 
570°F (300°C). These process operations will restrict the allowable 
canister diameter for a given specific activity almost as severely as 
does the casting operation and will limit the benefits of supplemental 
cooling during casting to a few special cases. 

After a waste canister has been filled, a minimum of several hours, 
would be required for the cement to set. During this time, the canister 
should be pressurized sufficiently to prevent boiling of the water in 
the grout. The necessary pressurization could be supplied by gas over-
pressure or by valving to seal the canister and allowing it to self-
pressurize from the water vapor that would evaporate from the grout. 
A cursory analysis of heat- and mass-transfer rates within a closed 
container suggests that at least a partial gas overpressure would be 
desirable to reduce the amount of vapor condensation' that-would occur 
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on the internal surfaces of the container. For the reference case, for 
instance, the equilibrium vapor pressure would be 103 psia and a gas 
overpressure of at least 200 psi would probably be applied. The total 
pressure would be about 300 psi. The high proportion of inert gas 
molecules in the vapor space above the grout would inhibit the mass 
transfer of water molecules to the cool metal walls and would lower the 
condensation temperature, thereby reducing the amount of condensation 
on these surfaces. 

The allowable working pressure of 6-in. sched-40 304 stainless steel 
pipe is 1430 psi at 100°F (38°C); it is 580 psi for sched-10 pipe. The 
allowable pressure is 990 psi for 12-in. sched-40 pipe (397 psi for 
sched-10), and it is 700 psi for 24-in. pipe (0.5-in.-thick wall). 
Apparently then, pressures up to 400 psi could be tolerated in compara-
tively thin wall (and less expensive) canisters. For those cases in 
which higher pressures must be applied, thicker-wall canisters could be 
used. 

The set concrete matrix would contain water in both a bound and an 
unbound state. The bound water (water of crystallization) would be 
retained by the concrete matrix at temperatures up to about 570°F (300°C); 
the unbound water (pore water), however, would leave the concrete matrix 
quite freely and would generate pressure in any unvented canister. In 
the reference case (Fig. 3), the volume of free water would be about 30 
gal per canister (^60% of the concrete volume). Experimental work at 
SRL has shown that this pore water can be driven from the concrete by 
prolonged heating at relatively low temperatures and that the partially 
dried concrete can then be enclosed in a container without appreciable 

3 
subsequent pressurization of the container. The use of this technique 
is assumed for this process. The canister of waste concrete would be 
vented and would remain vented until the pore water had been driven off; 
the canister would then be sealed and moved to storage. The estimated 
drying time for an 8-ft-long cylinder with only one end exposed to the 
vent is several decades; this time could be greatly shortened by pro-
viding a pathway for the escape of water vapor generated at any appreciable 
distance from the surface. A wire-mesh annular cylinder could be installed 
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in each canister prior to filling and would provide such a pathway. 
The estimated drying time would then be shortened to a matter of several 
days. Estimated drying times of concrete cylinders under various condi-
tions are given in the Appendix (Sect. 8.1). 

4.5 Storage 

The filled and dried canisters would be stored pending shipment to 
a repository. This storage could be brief to allow some flexibility in 
scheduling shipments to the repository. This option is assumed for this 
study. An alternative approach would be to provide for several years of 
onsite storage so that the rate at which heat is generated by the fixed 
waste would be reduced and subsequent problems of shipment and repository 
storage would be reduced. This latter option appears quite attractive 
if short-cooled waste is being processed. It would permit the use of 
canisters of larger diameters than could otherwise be used, it would 
reduce shipping costs by allowing more canisters to be loaded in a carrier, 
and it would reduce repository costs by allowing a closer spacing of waste 
canisters. Despite the attractiveness of this option, it was not consid-
ered in this study. Inclusion of a storage facility would require that 
the capital cost of the facility be balanced against the savings in 
operating cost that would be made possible, and this is beyond the scope 
of this study. 

4.6 Shipping 

A parametric study of shipping casks for canisters of radioactive 
cement was carried out using the computer program developed for shipping 

14 
calcined wastes. This program performs heat-transfer, shielding, and 
cost-estimation calculations for various cask sizes. The casks can hold 
from 1 to 37 canisters in a matrix filled with either air or a metal 
"insert" with good heat-conduction properties (e.g., steel or aluminum). 
Gamma-shield thicknesses of lead and steel are calculated. A borated-
water neutron shield is designed to surround the gamma shield. The cask 
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has circumferential fins to reduce surface temperature, and one optimal 
fin thickness-to-height ratio is calculated to minimize fin weight. 
Interior cask temperatures are calculated under normal conditions and 
during a standard accidental fire. Finally, annual shipping costs are 
estimated. 

The computer program was revised and updated for the cement study 
in the following ways: 

1. Shielding properties of cement were incorporated into the program. 
2. A convective heat-transfer algorithm was developed for the cask 

cavity when filled with air. In previous calculations for calcined 
radioactive wastes which are stable up to at least 1650°F (900°C), 
interior cask temperatures were quite high and all heat was assumed 
transferred by radiation alone. With cement temperature limited to 
570°F (300°C), convective heat transfer is of more significance. 

3. Cost parameters were brought up to date. 

The cost calculations were updated by increasing the estimated 
capital costs to $15/lb for casks with lead gamma shields and $10/lb for 
casks with iron gamma shields. Thus a 100-ton cask for rail shipment 
would cost $3 million with a lead shield and $2 million with an iron 
shield, which is in approximate agreement with cost figures used in the 

15 
GESMO study. Total costs consisting of freight, handling, and capital 
charges were calculated. The annual capital costs were calculated with 
a fixed charge rate of 23.6%, which was based on: 
1. recovery of the capital investment over 20 years, 
2. provision of 70% of the total capital investment by equity and 30% 

by bonds, 
3. an annual interest rate of 8%, 
4. an after-tax return oil equity of 16%, and 
5. straight-line depreciation. 

The cost figures are used for optimization purposes only and do not 
include charges for insurance, special trains, and safeguards and inspec-
tion requirements. 
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Some results of the shipping study are shown in Tables 2 and 3. 
These tables list annual freight and handling costs and annual capital 
costs for shipment of 450 to 1000 gal/day of solidified waste (cooled 
2 to 10 years) in canisters with diameters of 6 to 24 in. The total 
annual shipping cost is the sum of the values in these two tables. 

The cask configurations were subject to temperature limitations and 
a weight limitation of 100 tons. For each age, canister size, and waste 
volume, the following parameters were investigated: (1) the number of 
canisters per cask, (2) insert material (air, aluminum, or iron), and 
(3) gamma-shield material (lead or iron). 

Except for a few cases involving the shipment of short-cooled wastes, 
the cheapest gamma shield was iron, and no insert was required. The 
"optimal" (lowest total annual cost) design factors for the waste param-
eters investigated are given in the Appendix (Sect. 8.2). 

4.7 Repository Disposal 

Thermal analysis of a salt repository by Cheverton and Turner^ shows 
that the maximum allowable salt temperature nearly always controls the 
allowable waste loading in the repository and that the corresponding 
maximum heat load is about 150 kW/acre. Cheverton and Turner tabulated 
peak canister surface temperatures for 6-in.-diam canisters for a large 
number of waste ages, pitches, and room widths. Analysis of this data 
shows that a plot of peak canister surface temperature rise versus heat-
generation rate per canister yields a good correlation, indicating that 
the other variables need not be considered (Fig. 6). Cheverton and 
Turner also made a brief investigation of the effect of container diameter 
and found that the peak surface temperature rise for 14-in. canisters 
decreases by 13 to 17%. 

For the reference case (Fig. 3), the canister diameter is 12 in. 
and the specific power is 10.5 W/liter. The heat-generation rate is 
1.87 kW per canister, and (from Fig. 6) the peak surface temperature rise 
is 390°F (217°C) for a 6-in. canister or about 335°F (168°C) for a 12-in. 
canister. The maximum centerline temperature would then be the original 
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Table 2. Annual freight and handling costs for 
shipping canisters of solidified waste 

Solidified waste 
(gal/day) 

Freight and handling cost ($106) Solidified waste 
(gal/day) Cooled waste Solidified waste 
(gal/day) 2-year 3-year 5-year 10-year 

6-in.-diam canister 

450 2.3 2.1 2.0 1.8 

700 2.5 2.4 2.3 2.1 

1000 2.9 2.8 2.6 2.5 

12-in.-diam canister 

450 2.5a 1.1 1.0 0.7 

700 1.9 1.7 1.3 1.2 

1000 3.5 3.3 2.6 2.3 

18-in.-diam canister 

450 3.5a 2.3a 1.2 1.1 

700 2.2a 1.5 1.3 1.2 

1000 3. l a 2.8 2.6 2.3 

24-in.-diam canister 

450 2.4a 1.7a 1.1 

700 2.5a 1.3a 1.1 

1000 4.9a 3.0a 2.5 2.1 

a 
These wastes could be shipped, but centerline temperature in the 
repository would exceed the assumed 570°F (299°C) limit. 
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Table 3. Annual capital costs for shipping 
canisters of solidified waste 

Solidified waste 
(gal/day) 2-year 

Capital cost ($10 ) 
Cooled waste 

3-year 5-year 10-year 

6-in.-djam canister 

450 

700 

3.9 

4.7 

3.3 

4.4 

3.0 

3.9 

2 . 6 

3.1 

12-in.-diam canister 

450 5.6 

700 4.8 

1000 5.9 

3.0 

4.3 

6 . 0 

2.7 

3.A 

4.4 

2.0 

2.9 

3.9 

18-in.-diam canister 

700 7.9 

1000 5.3 

3.7 

4.8 

3.5 

4.5 

3.0 

4.0 

24-in.-diam canister 

700 

1000 7.3 

5.2 

5.3 

3.3 

4.4 

2.9 

4.1 



1000 
9 0 0 
800 
700 

W u T 600 

it 500 
S; UJ 

fE 4 0 0 
UJLLI 
H O C 
CO 13 300 II UJ Q-
< 2 200 
UJ UJ Q- f— 

o r n l - d w g 7 9 - 6 7 4 i r 

100 X 

A 

O l-yeor-old W A S T E 

+ 10-year-old W A S T E 

A 20-year-old W A S T E 

M 
00 

0 1 2 3 4 5 6 

HEAT-GENERATION RATE (kW per CANISTER) 
Fig. 6. Peak canister surface temperature rise for 6-in. canisters in salt. 



29 

salt temperature [70°F (21°C)] plus the temperature rise [335°F (168°C)] 
plus the temperature difference between the centerline and the surface 
of the canister. The calculation of this last temperature difference is 
described in Sect. 4.4. For the reference case this temperature dif-
ference is 127°F (71°C); therefore, the maximum centerline temperature 
would be 532°F (278°C). 

3 4 
The radiolysis of gases from concrete has been studied at SRL. ' 

These studies indicate that the pressure in a closed container resulting 
from the beta and gamma radiolysis of concrete components is determined 
by the back-reactions of the radiolysis products. These back-reactions 
were catalyzed by Fe203, Mn02, nitrate ions, and other chemical species. 
The back-reactions were also affected by the dose rate. In general, an 
equilibrium pressure was observed after about 100 hr of irradiation time. 
The magnitude of this equilibrium pressure was dependent on the dose rate 
and the chemical species present and was on the order of 100 psi. Tests 
with alpha radiation did not exhibit an equilibrium pressure. 

Preliminary work with FUETAP concretes at ORNL suggests that the 
recombination rate of radiolytically generated gas is quite high and 1 that overpressurization of the container might be negligible. 

4.8 Application to Wastes of Low Thermal Energy 

The reference case considered in this process is for processing a 
waste that was 3 years out of a reactor. Analysis of the various process 
steps indicates that such processing is feasible but probably not 
economically sound. The heat-generation rate of short-cooled waste is 
high, and to accommodate this high rate, certain process adjustments 
must be made to keep the centerline temperature below the assumed max-
imum allowable value. In addition, space between canisters in the 
repository must be fairly large (and therefore more expensive). Most 
of these problems become less important when longer-cooled wastes are 
considered. 

For the special case of long-cooled waste sludges (such as those at 
Savannah River, Hanford, and NFS), the concrete fixation process offers 
an attractive alternative to glass fixation, particularly if FUETAP 
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concretes fulfill their early promise. For wastes such as these, the 
concentration and denitration steps considered in the reference flowsheet 
(Fig. 3) would not be required because only the sludge would be fixed in 
the concrete. Instead, a water slurry of the waste sludges would be mixed 
with the cement and other additives and cast in large-diameter canisters 
at whatever temperature and pressure is required to produce the desired 
physical characteristics of the product. With these wastes, the rate 
of heat generation would be low (less than 0.3 W/liter), and the expected 
maximum centerline temperature in the 24-in.-diam canisters would be less 
than 100°F (38°C) if cooled in stagnant air. Supplemental heating or 
good insulation would be needed, therefore, to generate the temperature 
necessary to produce FUETAP concretes during the setting period and to 
drive off the free water during the venting period. 

Wastes with a low content of beta- and gamma-emitting radionuclides 
but a high concentration of alpha emitters (e.g., incinerator ashes) 
could also be fixed in concrete. This particular application has not 
been studied in detail, but in general, the applicability of the concrete 
fixation process to this type of waste would be similar to that of other 
low-level heat-generating wastes. No unique problems are foreseen. 

5. COST ESTIMATES AND COMPARISONS 

In this section, a preliminary summary is made of th,e estimated 
capital and operating costs of a waste concrete facility'and a waste 
glass facility. In addition, cost summaries are made for waste concrete 
facilities operated under several different conditions. These summaries 
serve primarily to indicate the most significant cost areas for each 
process. All processes are sized to handle the combined high- and 
intermediate-level waste from a 5-MTU/day reprocessing plant that 
processes commercial fuels. In some cases the waste volume (gallons 
per MTU) is varied so that the effect of this parameter can be determined. 

The term "capital cost" is used in this section to mean the cost of 
a processing facility, including any interim waste storage that is 
required and the cost of the carriers to ship the waste to the repository; 
it does not include repository charges. The term "annual capital cost" 



31 

is the yearly cost of this capital. The term "operating cost" is used 
to mean the cost of running the facility (i.e., chemicals, labor, can-
ister costs, shipping charges, and repository charges). The term "total 
annual operating cost" is the operating cost plus the annual capital cost. 

5.1 Operating Costs 

The estimated operating costs for glass and concrete fixation 
facilities are compared in this section. In addition, the effect of 
certain process variables on the operating cost of a concrete facility 
is calculated. 

The reference flow diagrams used in the calculation and comparison 
of operating costs are shown in Fig. 7. The reference concrete process 
is the same as that shown in Fig. 3. The reference glass process is 
based on data reported by Battelle Northwest Laboratories (BNWL)."^ 

Comparative fixation and disposal costs are shown in Table 4 
for waste cooled 3 and 10 years. The costs are calculated from 
criteria given in Sect. 5.3. For all cases, obviously, the repository 
costs are the overwhelming fraction of the operating costs. Less 
obviously, the method that is chosen for the allocation of repository 
charges (as a function of thermal power, time of cooling, number of 
canisters, etc.) will greatly affect the comparative results. For the 
cases that were considered, the operating cost is about 12% lower for 
waste fixed in glass. The operating costs for the fixation of waste 
in concrete are shown in Figs. 8 and 9 as functions of three operating 
parameters: waste volume, decay time, and canister diameter. These 
curves indicate that decay time is a major process variable and that 
canister diameter and waste volume are not important variables. 
However, other factors (not considered in this study) could partially 
offset the large effect of decay time on operating cost. The storage 
of spent fuel (required to increase decay time) prior to processing 
would require an expensive storage facility. The capital and operating 
cost of such a facility has not been evaluated in this study, but such 
charges could be quite substantial. 
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Fig. 7. Reference class and concrete fixation processes. 
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Table 4. Comparative operating parameters and costs 
for concrete and glass fixation facilities 

3-year-cooled 10-year-cooled 
waste waste 

Concrete Glass Concrete Glass 

Volume of fixed waste, gal/day 450 105 450 105 

Canister diameter, in. 12 6 12 12 

Canisters per day 9.6 8.8 9.6 2.2 

Specific power, W/liter 10.5 45 2.9 12.4 

Annual cost, $106 

Chemical 0. .02 0. .20 0. .02 0, .20 
Labor 0. .37 1. ,23 0. .37 1, .23 
Canisters 5. .50 2. .67 6. .50 1. ,60 
Shipping 1. .10 0. ,90 0. .70 0. ,50 
Repository 72. .34 65. ,90 35. .02 32. ,80 

79. .33 70. ,90 41. .61 36. ,33 
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5.2 Capital Costs 

Resources were not available for the development of meaningful 
capital costs for either a glass or a concrete facility capable of the 
fixation of commercial high-level waste. However, comparative estimates 
have been made for the cost of glass and concrete facilities that would 

17-19 
process defense wastes of much lower specific powers. 

Estimates were made by Bechtel Corporation of the capital costs of 
a facility that would fix the intermediate-level liquid waste and sludges 18 
generated at ORNL in either a concrete or a glass matrix. The design 
basis for the waste to be processed was approximately 30 Ci/gal. The 
estimated cost of the concrete facility was $45.8 million; the estimated 
cost of the glass facility was $73.8 million. The ratio of the two 
estimates is 1.6 — a measure of the greater complexity of the glass 
process. 

In 1977 a series of estimates was given for the anticipated disposal \~> - 19 costs of accumulated wastes at the Savannah River plant. One estimate 
' ' 

(Alternative Plan 1) was for a process in which a concentrated fraction 
ofcithe' waste (VL80 Ci/gal) was fixed in glass and stored in an offsite 

, repository. Another estimate (Alternative Plan 2) was for a process in 
which the concentrated waste fraction was fixed in concrete and stored 
in 'an;offsite repository. The estimated capital cost of the glass fixa-
tion facility, temporary storage facilities, transportation, and geologic 
storage was $556 million, $480 million of which was for the vitrification 
plant. The estimated capital cost of the concrete facility was $342 
million, $24Gj million of which was for the cementation plant. The ratio 
of these overall costs is 1.6 (cost of the glass facility divided by the 
cost of the concrete facility); the ratio of the fixation facility costs 
is 2.0. The cost of the removal of waste from storage tanks and the 
preliminary treatment of this waste was omitted from both comparisons. 

A facility built to process waste of high specific power would be 
expected to cost well in excess of $100 million, with the glass fixation 
facility costing about 1.8 times as much as a concrete facility. The 
annual capital cost of either facility, however this cost is amortized, 
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would appreciable fraction of the total operating cost. The 
consider, bly lower capital cost of a concrete facility would therefore 
compensate, or more than compensate, for a large difference in operating 
costs. For a concrete fixation facility assumed to cost between $100 
million and $200 million, for example, the amortization cost would be on 
the order of $12 million. The amortization cost of the equivalent-size 
glass fixation facility would be $22 million because it would cost about 
1.8 times as much. The total annual operating cost for these facilities 
is given in Table 5 for 10-year-cooled waste. 

Table 5. Comparative total annual operating cost 
for concrete and glass fixation facilities for 

10-year-cooled waste ($106) 

Concrete Glass 
facility facility 

Operating cost3 41.6 36.3 

Annual capital costb 12.0 22.0 

Total annual operating cost 53.6 58.3 

aSee Table 4. 
^Based on a concrete facility costing $150 million 
and a glass facility costing $270 million. 

5.3 Cost Factors 

All costs quoted in this section are in terms of 1977/1978 dollars. 

5.3.1 Chemicals 

The major chemicals cost for a concrete facility would be the cost 
of the ingredients of the dry-solids mix. This mix is assumed here to 
be 60 wt % Portland cement ($35/ton), 30 wt % fly ash ($5/ton), and 
10 wt % clay ($40/ton). An additional $8000/year is allowed for deni-
trating reagents (assumed to be formic acid at 14<?/lb), and $5000/year 
is allowed for other chemicals. 
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A reference glass facility is reported to have a frit-to-calcint 
ratio of 2.8 (ref. 20). The same report quotes a frit cost of 40c/lb 
and gives a calcine feed rate of 41 kg/MTU (205 kg/day); therefore, the 
annual frit cost would be $150,000. An additional annual chemical cost 
of $10,000 is assumed. 

5.3.2 Labor 

The estimated labor requirement for a concrete facility is 14 
people per shift, one shift per day. The estimated labor requirement 
for a glass facility is 11 people per shift, three shifts per day. 
Three shifts would be required because the high-temperature furnaces 
could not be left unattended. Three additional people would be required 
on the day shift to operate the shipping facility. 

5.3.3 Canisters 

It is assumed in this study that the type of canister used for the 
waste concrete will be similar to the type of container envisioned for 
the glass process — a canister made from a 6-, 12-, or 24-in.-diam, 
10-ft-long stainless steel pipe. The top of the canister would be 
fitted with a flange or equivalent fitting for connection to process 
piping and final closure. The temperature service of the canisters 
used for waste concrete would not be as severe as for those used for 
waste glass, and few thermocouples would be required. For this reason, 
the cost of canisters used for waste grout is assumed to be only 90% 
of the cost of those used for glass. It is further assumed that no 
internal fins are used in the canisters. A formula for calculating 

20 
the cost in dollars of canisters is given by HcElroy et al. [1530 x 
(diameter in feet) - 200]. This formula is used to calculate canister 
costs for the cases considered in this study. These calculated costs 
are multiplied by the 80% factor for canisters for concrete and are 
increased by a factor of 1.8 to allow for escalation since 1972. The 
resulting costs are $1915 for a 12-in. canister for concrete, $1017 for 
a 6-in. canister for glass, and $2394 for a 12-in. canister for glass. 
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5.3.4 Shipping 

Current shipping costs for a 1500-mile round-trip shipment of a 
carrier are given in Sect. 4.6. This estimate does not include costs 
for safeguards and inspection requirements, which may be substantial. 

5.3.5 Repository 

Estimated repository costs have escalated greatly in recent years. 
In 1971 the initial cost of a repository was estimated to be $17.5 
million, with total costs over the 20-year life of the repository being 

21 
$106 million. This total cost included capital costs, operating costs, 
interest on unrecovered capital, and a fund for perpetual surveillance, 
and it was used as the basis for estimating repository charges for each 
canister of waste as a function of heat load and decay time. Recent 
construction costs of a repository of quite different design are esti-22 
mated to be $423 million. Construction costs of this type of facility 
are about 25% of total repository costs; therefore, the probable current 
total cost is about $1.7 billion, approximately 16 times greater than 21 the estimates given in 0RNL-4451. Another recent study of repository 
costs gives estimated charges for spent-fuel disposal of $50 to $70 per 

23 
kg of uranium (for fuel elements cooled 5 to 10 years). If it is 
postulated that waste canisters can be permanently stored for the same 
price as the fuel elements from which the waste came, an annual reposi-
tory charge of $90 million for the waste from a 5-MTU/day processing 
plant is obtained. This charge is approximately twice the charge 
calculated from a 16-fold escalation of the charges estimated in 
ORNL-4451.^ Considering the uncertainties inherent in all estimated 
repository costs, these two estimates are in reasonable agreement. 

It seems most probable that repository charges for waste will be 
some function of heat load; therefore, escalated values for the estimated 21 
repository charges reported in ORNL-4451 are used in this study. 
Table 6 gives these 16-fold escalated values. 
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Table 6. Estimated costs for receipt and storage of solidified 
fission-product waste at a salt repository 

as a function of the age of the waste 

Initial linear 
thermal power 

(W/ft) 

Cost (dollars per container) Initial linear 
thermal power 

(W/ft) 
Postirradiation age of waste (years) 

Initial linear 
thermal power 

(W/ft) 2 3 5 10 

30 4,800 4,800 4,800 6,080 
60 5,120 6,240 8,320 12,160 

120 10,240 12,640 16,640 24,448 
180 15,200 18,880 25,120 36,640 
240 20,320 25,120 33,440 48,960 
300 25,440 31,520 41,760 61,120 
360 30,560 37,728 50,080 73,440 

6. BASIC RESEARCH DATA REQUIRED FOR DESIGN OPTIMIZATION 
AND FURTHER ENGINEERING AND ECONOMIC EVALUATION 

The results of this preliminary engineering study indicate that 
concrete is a potentially viable waste form for the fixation of high-
level wastes. There is certainly sufficient economic and technologic 
incentive to warrant future research and development. 

Preliminary measurements of physical and chemical properties of 
concretes include compressive strength, thermal conductivity, and toler-
ance to nitrate salts. The results are encouraging and are within the 
acceptable and desirable range. Data also exist at present on those 
properties which bear on the acceptability of concrete as a waste host. 
These data include a low radionuclide leachability and a catalytic action 
for the recombination of radiolytically produced gases. 

A more complete engineering evaluation on the use of concrete as a 
waste form will require additional and more definitive data. These data 
will be required to fix and refine the process parameters to the point 
at which their uncertainty will not affect the analysis. The following 
primary uncertainties can be pinpointed and recommended for future 
research and development: 



41 

1. A more complete investigation should be made of the physical 
properties of the waste form as a function of the temperature 
and pressure during the curing step. These data should span 
the temperature range from below 212°F (100°C) to approximately 
570°F (300°C). 

2. The compatibility of the products of the various denitrification 
reactions with the concrete product should be defined. As a 
minimum, information must be developed about the compatibility 
of the mixes and formates, formaldehyde, and other possible 
reagents and reaction products. 

3. The rate of dewatering during and following the setting period 
requires further investigation. The time required to dewater 
the final product plays an important role in the interim storage 
requirements, as well as in any hazard analysis. 

4. All work concerned with the acceptability of the final product 
as a waste form must be continued and emphasized. It is obvious 
that only through such studies can the environmental impacts be 
addressed in any future analysis. 

7. CONCLUSIONS 

The principal conclusion of this study is that concrete could be 
an alternative to glass as a matrix for fixation of wastes of high or 
medium specific power. (The fixation of transuranic wastes of low specific 
power was not considered in this study.) The concrete fixation process 
would be simpler than glass fixation, and the permanence of the waste 
form could be as great or greater. The operating costs of an optimized 
concrete fixation process would probably not be greatly higher than the 
operating costs of a glass plant, and the capital costs would almost 
surely be lower. Therefore, the overall annual operating cost (amortized 
capital plus direct operating cost) would be lower for the concrete 
fixation facility. 

The recent work that has been started on FUETAP concretes indicates 
that they may be more stable under certain repository conditions than 
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are other concretes or glass. Further work is needed to verify these 
preliminary findings. 

This preliminary study indicates that certain of the operations of 
the reference concrete process are not yet well resolved. These process 
questions (i.e., the degree of achievable concentration, the probable 
denitration requirement, and the rate of concrete drying) will require 
laboratory investigation and further study before a more detailed 
engineering evaluation can be made. 

8. APPENDIX 

8.1 Estimated Drying Times 

In an experiment reported by SRL, a l-in.-diam, 4.6-in.-long concrete 
cylinder was heated for 5 hr at 302°F (150°C) to drive off free water. 

3 
Subsequent tests indicated that this specimen was, in fact, dry. No 
tests were made to determine if as much as 5 hr of drying time were 
required; this process parameter was not investigated. This datum is 
used to estimate an upper limit for the time that would be required to 
dry large concrete cylinders from 6 to 18 in. in diameter and 8 ft long. 

For the case of water loss through the cylinder walls (neglecting 
losses through the ends of the cylinder), and expression for the concen-
tration of water as a function of time is given by 

C - Ct _ exp(-Da 2t) J (ra ) 1 0 CAW V —U J. u j o VJ.U, ) 

- = 1 - - Y r — — r (3) a a J Co - C, a n 1 (act ) * r» n 

where Ci is the initial concentration and Co is the surface concentration. 
This equation can be integrated to obtain the fraction of water remaining 
in the cylinder at any time t: 

R = Y — — exp (-Da 2t) . (4) 2 2 n a a n 
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In both equations, act are the roots of J . If we assume that the M n o 
Savannah River cylinders were "dry" when only a small percentage of the 
total water remained in them (i.e., R « 0.02 at t = 5 hr), we can use 
the equation to estimate D, the diffusivity of water in concrete. For 
a = 0.5 in., the cylinder radius, we obtain the results listed below. 

D (in.2/hr) 
0.01 
0.03 
0.10 

R_ 
0 . 2 2 

0.021 
6 x 10 - 6 

The diffusivity value of 0.03 in.2/hr appears to give a reasonable result 
if 5 hr were required for drying. A similar evaluation was made to find 
the diffusivity if the specimens contained only a small percentage of 
water in 2 hr, and the result was D = 0.07 in.2/hr. 

Values of the residue fraction of water R versus time were tabulated 
for cylinder diameters of 6, 12, and 18 in. These values are presented 
in Fig. 10 for D = 0.03 in.2/hr and in Fig. 11 for D = 0.07 in.2/hr. 
Drying times required to achieve 5% residual water were read from 
Figs. 10 and 11 and plotted in Fig. 12, which shows that drying times 
may be as short as 60 hr for 6-in. cylinders or as long as 1200 hr for 
18-in. cylinders. 

These calculations give estimated drying times tor concrete cylinders 
that are losing water through the cylinder walls. In the proposed con-
crete fixation facility, the cylinders would be cast in canisters and 
water loss would be through one or more vent pipes. This situation would 
be approximately analogous to that calculated above, and the drying times 
for equivalent diffusion distances would be expected to be roughly similar. 

If the waste grout were cast in canisters without a vent pipe, the 
free water would have to migrate along the length of the concrete cylin-
der in order to be removed at the top surface. The time required to dry 
the entire cylinder of concrete by this means is estimated to be 23 years 
if D = 0.07 in.2/hr and 45 years if D = 0.03 in.2/hr. 
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TIME (hr) 

Fig. 10. Residue fraction of water R as a function of time and 
cylinder diameter for a diffusivity value of 0.03 in.2/hr. 
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ORNL-DWG. 7 9 - 6 7 4 6 R 

TIME (hr) 

Fig. 11. Residue fraction of water R as a function of time and 
cylinder diameter for a diffusivity value of 0.07 in.2/hr. 
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ORNL-DWG. 7 9 - 6 8 0 I R 

Fig. 12. Drying times required to achieve 5% residual water (R = 0.05). 
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Factors such as cement porosity, drying temperature, number and size 
of vent pipes, and film-transfer coefficients at the concrete surface 
would be expected to have a major effect on drying time; the effect of 
these and other factors must be determined by experiment. 

8.2 Optimal Design Factors for Shipping Carriers 

Tables 7, 8, 9, and 10 list design factors for shipping carriers 
for the transport of waste canisters of different diameters that contain 
waste grout of different cooling times and dilutions. For these tables, 
the annual cost is the sum of the operating cost and the amortized 
capital cost. The optimal case is that with the lowest annual cost. 



Table 7. Optimal cases for 6-in. canisters 

Waste volume 
(gal/day) 

Age 
(years) 

Canisters 
per 
cask Insert 

Gamma 
shield 

Cask weight 
(tons) 

Annual 
cost 
($106) 

450 2 37 Fe Fe 89.1 6.2 
3 37 Al Fe 77.5 5.4 
5 37 Air Fe 71.0 5.0 

10 37 Air Fe 62.7 4.4 

700 2 37 Al Fe 78.7 7.2 
3 37 Air Fe 73.0 6.8 
5 37 Air Fe 67.4 6.2 

10 37 Air Fe 59.6 5.6 

1000 2 37 Al Fe 77.0 8.5 
3 37 Air Fe 72.0 8.0 
5 37 Air Fe 66.0 7.4 

10 37 Aii: Fe 59.0 6.7 

o 



Table 8. Optimal cases for 12-in. canisters 

•fi-
ve 



Table 9. Optimal cases for 18-in. canisters 

Canisters Annual 
Waste volume Age per Gamma Cask weight cost 

(gal/day) (years) cask Insert shield (tons) ($105) 

450 

700 

1000 

2 

3 
5 
10 

2 

3 
5 
10 

2 

3 
5 

10 

1 

3 
8 

8 

4 
7 
8 

9 

7 
8 
9 
9 

Fe 
Fe 
Air 
Air 

Fe 
Air 
Air 
Air 

Air 
Air 
Air 
Air 

Fe 
Fe 
Fe 
Fe 

Pb 
Fe 
Fe 
Fe 

Fe 
Fe 
Fe 
Fe 

28 

63 
93 
84 

71 
87 
91 
90 

89 
94 
97 
87 

8.6 

6.3 
3.6 
3.2 

10.1 
5.2 
4.8 
4.2 

8.4 
7.6 
7.1 
6.3 



Table 10. Optimal cases for 24-in. canisters 

Canisters Annual 
Waste volume Age per Gamma Cask weight cost 

(gal/day) (years) cask Insert shield (tons) ($106) 

450 

700 

1000 

2 

3 
5 

10 

2 
3 
5 
10 

2 

3 
5 

10 

1 

3 
5 

1 

5 
5 

1 

4 
5 
6 

Fe 
Fe 
Air 

Air 
Air 
Air 

Air 
Air 
Air 
Air 

Fe 
Fe 
Fe 

Fe 
Fe 
Fe 

Fe 
Fe 
Fe 
Fe 

37 
86 

92 

33 
99 
88 

33 
89 
95 
98 

6 . 2 

5.1 
3.4 

7.7 
4.6 
4.0 

12.2 
8.3 
6.9 
6 .2 
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