e

B OAK
RIDGE

NATIONAL -

B LABORATORY

" UNION
_CARBIDE

OPERATED BY

UNION CARBIDE CORPORATION
FOR THE UNITED STATES
DEPARTMENT OF ENERGY

ORNL/TM-8579

3 4456 0251924 &

~ Cement-Based Radioactive Waste

Hosts Formed Under Elevated
Temperatures and Pressures
(FUETAP Concretes) for
Savannah River Plant |
High-Level Defense Waste

L. R.

G. C. Rogers
M. T..Morgan
D. P. Stinton
J. H. Kessler
S. M. Robinson
J. G.

OAK RIDGE NATIONAL LABORATORY .

CENTRAL RESEARCH LIBRARY
CIRCULATION SECTION
4500N ROOM 175

L|BRARV LOAN COPY
DO NOT TRANSFER TO ANOTHER PERSON
If you wish some else to e this
report, send in name with reporf and
the library will arrange a loan.
UCN-796% 13 9-77! .




Printed in the United States of America. Available from
National Technica! Information Service
*U.S.-Department of Commerce ' Lo
5285 Port Royal Road, Springfield, Virginia 22161 .
NTIS price codes—Printed Copy: AQ5 Microfiche AQ]

This report was prepared as an account of work sponsored by an agency of the -

United States Government. Neither theU nited States Government nor any agency
thereof, nor any of their employees, makes any warranty, express orimplied, or

assumes any legal liability or responsibility for the accuracy, completeness, or

usefulness of any information, apparatus, product, or process disclosed, or
represents thatits use would not infringe privately owned rights. Reference herein

to any specific commercial product, process, or service by trade name, trademark, -
manufacturer, or otherwise, does not necessarily constitute or imply its:

endorsement, recommendation, or favoring by the United States G overnment or

any agency thereof. The views and opinions of authors expressed hérein do not !
necessarily state or reflect those of the United States Government or any agency

thereof.

Q



PA

ORNL/TM-8579
Dist. Category UC-70

CHEMICAL TECHNOLOGY DIVISION

NUCLEAR WASTE PROGRAMS

ORNL Fixation of Waste in Concrete
(Activity No. AP 05 25 10 0, ONL-WHO2)

CEMENT-BASED RADIOACTIVE WASTE HOSTS FORMED UNDER ELEVATED
TEMPERATURES AND PRESSURES (FUETAP CONCRETES) FOR
SAVANNAH RIVER PLANT HIGH-LEVEL DEFENSE WASTE

L. R. Dole

G. C. Rogers
M. T. Morgan*
D. P. Stinton®
J. H. Kessler
S. M. Robinson
J. G. Moore*

*

*Retired.
*Metals and Ceramics Division.

Date Published -~ March 1983

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPORATION
for the
U.S. DEPARTMENT OF ENERGY
Under Contract No. W-7405-eng-26 ——"""""

MARIETTA ENEAGY SYSTEMS LIBRARIES

o R

e T

3 yy45L 0251924 b !




L




L

iii

CONTENTS
LIST OF TABLES . . . . & & v 4 ¢ + « o o o o o o s o o o
LIST OF FIGURES. . . + v & ¢ ¢« ¢ o ¢ o o o o o s o o o o o o
ABSTRACT . . & & ¢« v v ¢ ¢ v o o o o o o« o o o 2 o o & o o
1. INTRODUCTION . . . & & v ¢ & o« o o o« o o o o o o-0s
2. SAMPLE PREPARATION . . . . . . .
COMPOSITION OF WASTE FORMS . . . . . . . « . + . .« .

2.1
2.2 -PROCESSING OF SRP WASTES . . e e e e e e e e e s
2.3 EFFECTS OF WASTE COMPOSITION AND CURING CONDITIONS

3. PHYSICAL PROPERTIES e v e e e s e e e e e e e e s
3.1 PERMEABILITY . . & & & ¢ + & o o o o o s o o o o &
3.2 POROSITY AND DENSITY . . . .+ + + « « ¢ « « o« s o &
3.3 THERMAL CONDUCTIVITY . . . . . .« . « . .
4. PHASE CHARACTERIZATION . . . . . « ¢ v v o v o o « &
5. LEACHABILITY . . . + « & ¢ ¢ o o o o o o o o o o o o
6. THERMAL STABILITY . . . . &« « & « o o « o« o &
7. RADIATION STABILITY . . . + « o + & o o s o o o« o o &
8. IMPACT STRENGTH . . . . . « « « & +
9. SUMMARY + &« & v v o o 4 o o s o o o s o s v v e e

10. REFERENCES . . . . ¢ ¢« & v ¢ o v s o o o s o o o o &

11. APPENDIXES . . . o ¢ ¢ o ¢ ¢ o o o o o o o o o o & o o o



€y



»?

LIST OF TABLES

10

11

13

14

18

26

33

34

37

Table
1 Reference composition.of SRP waste solids . . o e
2 . MCC-1 FUETAP mix for simulated SRP waste . .
3 Results of dewatering of the SRP FUETAP concretes
4 Minimum solids requirements for phase separation and
set time for MCC-1 specimens . . . .« &+ & 4 ¢ & + o &+ o
5 Effects of curing temperature and pressure on SRP
FUETAP specimens . . . . e e . ..
6 Typical properties of SRP FUETAP samples prepared with
MCC-1 mix . . .+ « « « . . e e e e e e e e e e
7 Comparisons of physical properties of FUETAP mixes
MCC-1 and MCC-2 . . . . . ' o e e e e e
8 Analysis of SRP FUETAP sample prepared with MCC~1 mix
-9 SEM/EDX elemental analyses of phases in SRP FUETAP
sample prepared with MCC-1 mix, . e e e e e e e
10 Possible phases found in MCC-1 FUETAP concrete
containing SRP-4 waste e e e e e e e e e e
11 Typical values for the MCC~1 28-d leach rates from SRP
FUETAP specimens in deionized water . . . e e e
12 Effects of Indian red pottery and bentonite clay
additives on the leach rate of cesium from FUETAP
CONCTELES &« v v o ¢ & & o o ¢ o o o o o o o o o o o o o
13 Effect of cement type on MCC-1 28-d leach rates from
FUETAP specimens in deionized water . . . . . . .
14 Effect of temperature on leach rates from MCC-6A FUETAP
SPECIMENE « + & + o s o & o o « o o o o
15 Initial cesium release from SRP FUETAP specimens after
3-d leach with deionized water at 90°C . . . . . . . .
16 Results of FUETAP alpha-radiolysis tests with 244Cm .
17 - Composition of gases .generated in alpha-radiolysis tests

of FUETAP concrete SPeCimens . . . « o o+ « « o o o o «



vi

Table Page .
A.l Compositions of SRP FUETAP concretes . . « « « + « « « » 714
A.2 Compositions of simulated SRP wastes . . . . . « « o« « o 15 d
A.3 Physical properties of SRP FUETAP concretes . R 1
B.1 Duncan's multiple range test - uranium vs variable

shown . T 78
B.2 Duncan's multiple range test for uranium concentration

(ppm) vs temperature . . . . ¢ + « « ¢« « « + 4 4 e 0 . 19




”

Figure

10

11

12

13

14

15

16

17

vii

LIST OF FIGURES

Generalized FUETAP flowsheet for SRP waste
FUETAP flowsheet for Savannah River Plant site .
Stack arrangement on thermal conductivity analyzer

Density of SRP FUETAP concretes as a function of
water/cement ratio

Thermal conductivity of SRP FUETAP concretes as a
function of water/cement ratio ;

Porosity of SRP FUETAP concretes as a function of
water/cement ratio

Thermal conductivity of SRP FUETAP concretes as a
function of sand concentration

Density of SRP FUETAP concrete as a function of sand

concentration

Thermal conductivity of SRP FUETAP concretes as a
function of density . . « v v v 4 4 4 4 e 4 e e 4

MCC-1 concrete with Aly, EDX spot analysis
MCC-1 concrete with Sip, EDX spot analysis
MCC-1 concrete with Cayp, EDX spot analysis

MCC-1 concrete with Fepy EDX spot analysis

Polished surface (SEM photograph) of MCC-1 SRP FUETAP

concrete . « ¢ o s e 4 e e e e e s e e e 8 e

Individual phases of hardened cement as a function of

EIME & v v v e e e e e e e e e e e e e e

Strontium leach rates for three cements in four MCC-1

formulations using MCC-1 static leach test at 90°C
with distilled water . . . . . .+ & +« « v & « o o

MCC-1 strontium leach results at 90°C in deionized
water for MCC-1 FUETAP concrete containing SRP-4
simulated waste

17

19

20

21

22

24

28

29

30

31

32

35

40

45



Figure

18
19

20

21

22

23
24

25

26

27
28

29

viii

Effects of clay additives on cesium leach rates from
FUETAP concrete (MCC-1) in deionized water at 90°C

Typical expansion curve of MCC-1 SRP FUETAP concrete
SPECIMENS .+ &« v &« & ¢ s 4 e 4 e e e e e e e e e e e e e

Comparison of gas generation rates of SRP FUETAP
concrete before and after dewatering (tests 1
through 3). . . . « « « o v v v v v e e e e e e e e e e

Alpha radiolysis of undewatered SRP FUETAP concrete
containing 4.5 mg of 244cm in 8.2 g of host solid with
gas sampling after 500 d (test 1) . . . . . . . . .

Alpha radiolysis of duplicate dewatered SRP FUETAP
concretes, each with 4.5 mg of 2b4cm in 8.2 g of host

SOLId . 4 vt e e e e e e e e e e e e e e e e e e e e e

Alpha radiolysis of a dewatered SRP FUETAP concrete
with gas sampling after 500 d (test 2) . . . . . . . .

Superposition of the pressure rise after gas sampling

c(test 2). v v v e e e e

Alpha radiolysis of duplicate dewatered SRP FUETAP
concretes, each with 0.5 mg of 2440m in 8.2 g of host
solid v v v b h e e e e e e e e e e e e e e e e e e e

Alpha radiolysis of a dewatered SRP FUETAP concrete
containing 1.5 mg of 2b4cm in 8.2 g of host solid’
(test B)e v v & v v v v e e e e e e e e

Comparison of gas generation rates of SRP FUETAP
concrete before and after dewatering

Comparison of all gas generation rates of dewatered
FUETAP concretes (tests 2 through 6). . . . . . .

Dynamic impact test of SRP FUETAP concrete specimens.

Page

46

49

53

55

57

58

59

60

61

63

64

66



»

CEMENT-BASED RADIOACTIVE WASTE HOSTS FORMED UNDER ELEVATED
TEMPERATURES AND PRESSURES (FUETAP CONCRETES) FOR
SAVANNAH RIVER PLANT HIGH-LEVEL DEFENSE WASTE

L. R, Dole; G. C. Rogers, M. T. Morgan, D. P. Stinton,
J. H. Kessler, S. M. Robinson, and J. G. Moore

ABSTRACT

Concretes that are formed dhder elevated temperatures
and pressures (called FUETAP) are effective hosts for high-
Tevel radioactive defense wastes. Tailored concretes
developed at the Oak Ridge National Laboratory (ORNL) have
been prepared from common Portland cements, fly ash, sand,

~clays, and waste products. These concretes are produced by
accelerated curing under mild autoclave conditions (85 to

200°C, 0.1 to 1.5 MPa) for 24 h. The solids are subse-

quently dewatered (to remove unbound water) at 250°C for

24 h, The resulting products are strong (compressive

strength, 40 to 100 MPa), leach resistant [plutonium leaches

at the rate of 10 pg/(cm2+d)], and radiolytically stable,
monolithic waste forms (total gas value = 0.005 molecule/100 eV).

- This report summarizes the results of a 4-year FUETAP
development program for Savannah River Plant (SRP) high-level
defense wastes. It addresses the major questions concerning
the performancé of concretes as radioactive waste forms.

These include leachability, radiation stability, thermal
stability, thermal conductivity, impact strength, permeability,
phase complexity, and effect of waste composition.

1. INTRODUCTION

The use of cement in radioactive waste management has been the sub-
ject of several studigs.l Cement has alsq been widely utilized for the
fixation of low- and intermediate-level radioactive wastes at power
reactor plants for about three decades.?2 Cementitious grouts are

applied routinely at ORNL in the Hydrofracture Process for the fixation



and permanent disposal of locally generated intermediate-level waste
(ILW) solutions.3=3 1In this process, liquid waste streams are
neutralized and the concentrated supernate is blended with a specially
tailored cementitious dry mix. The resulting grout is then forced
underground by pressure into the Conasauga shale formation underlying
the plant. The grout solidifies after a few hours, fixing the radioac-
tivity and removing it from man's environment. Laboratory studies have
demonstrated that the leachabilities of cesium, strontium, and plutonium
from these grouts are of the same drder'as those obtained for borosili-
cate glass, The results suggest‘that specially tailored cement-based
mixes should form acceptable hosts for a>wide variety of radioactive

wastes,

Subsequent laboratory'studies confirmed that FUETAP concretes offer
considerable‘pfomise aé hostg for the diqusél of defense wastes, tran-
suranium (TRU) wéstes, and commercial high-level wastes.6 Roy and
Gouda,’ of Pennsylvania State University, produced . cements withvhigh
strength and low porosity by using conditions of high temperature (150
to 250°C) and pressure [25,000 to 50,000 psi (172 to 344 MPa)] for 0.5
to 2 h. They demonstrated that accelerating the curing could result in
superior cement properties. On this basis, an investigation was begun
at ORNL to examine the potential of forming concretes under elevated,
but less stringent, témperaﬁures and pressures than the preQious study.
Also, concretes containing specific additives to fix the nuclides were
studied, as in the cases of grouts in hydrofracture and 1291 fixation in
barium iodate concretes.8,9 Moore and co-workers determined that only

mild autoclave conditions are needed to accelerate the curing of




o

tailored cements. Results of various tests showed that treatment at a
temperature of 100°C and a pressure of 0.1 MPa for 24 h was usually suf-
ficient to cure FUETAP concretes at a rate within realistic radioactive

waste processing requirements.6»10'13

The FUETAP concretes prepared by accelerated curing under these mild
autoclave conditions have beeﬁ found to be effective hosts for.trahs—
uranic and high-level defense and commercial radioactive wastes,l10-16
Some specific examples of wastes which have made acceptable FUETAP prod—
ucts are Nuclear Fuel Servicés Plant wastes, Rocky Flats startﬁp'by;
products, Slagging Pyrglysis Incinerator fly ash, Andco-Torrax municipal
waste frit,’and SRP defense wastes. This document summarizes the FUETAP
development pfogram at ORNL for SRP defense wastes., It discusseé the
proceséing, leaéhability, alpha radiolysis, phasé charécterization,
thermal expansion, impact strength, and physical properties of SRP con-
cretes and reports the status of FUETAP concretes as hosts for radio-

active wastes.

2. SAMPLE PREPARATION

The initial FUETAP formulations were based on hydrofracture grout
mixes and were modified both tovaccommodateAparticular waste stream
chemistries and to reduce the water deﬁand. Oniy pourable mixes, which
required a small amount of vibration to fill molds uniformly and to
remove entrained air, were selected for study. Specimens were cast in
sizes ranging fr?m 1 mL to 75 L for the evaluation of leaching, compres-
sive stréngth, thermal conductivity, ‘porosity, permeability, density,

and dewatering kinetics.



2.1 COMPOSITION OF WASTE FORMS

FUETAP concretes are prepared from common Portland cements, fly ash,
sand, clay, and waste materials. Each concrete mix is tailored for the
specific waste stream by optimizing the waste loading. and maintaining a
pourable mix with a minimum amount of water. Choosing the appropriate
cement type and additives ensures a pourable mix which cures rapidly to

a dense, durable solid with low leachability. The SRP mixes were
designed to accommodate simulated wastes based on an average composition
of the actual SRP wastes (Table 1). Abnormally high amounts of cesium
and strontium were -added to the simulated waste solids in order to
ensure sufficient concentrations to allow accurate analyses in nonradio-
active leach studies. This level is 3 to 3.5 times the normal chemical
concentration that would be found in SRP wéste. Although SRP wastes
contain a significant level of nonradioactive cesium, the additional
cesium and strontium result in the final simulated, nonradiocactive waste

forms containing the equivalent of 600 to 700 Ci/L.

Several concrete formulations (see Appendix A) were used during the
4-year development program. The éoﬁposifions of the simulated SRP
wastes and the formulation numbers that will be. referenced throughout
this report are also listed in Appendix A. The final reference composi-
tion of waste solids used by SRP17 is presented in T&ble 1. The basic
FUETAP mix used for the materials characterization studies is MCC-1%

(see Table 2). The cement/fly-ash ratio in the mixes was adjusted to

*MCC-1 is used to identify both a Materials Characterization Center
static leach test and a specific SRP FUETAP concrete formulation.

L4



Table 1. Reference composition of SRP waste solids?

Fraction of total

Component (wt %)
Fe,03 47.16
Al703 9.24
MnO, : 12.98
Ce09 | 2.13
Gdo03P 2.13
caob 2.51
Nio ' ' 5.84
$i04 : 1.12
Naj0 6.63
Na, S0y 1.21
srob 1.00
Zeolite® . : 8.05

8Major elements only.

bModification of formulation in DP-1545 (by
Stone et- al.) to allow for uranium substitution and
incorporation of 1 wt % SrO as requested by MCC.

€The zeolite (Ionsiv IE~95) was loaded with
cesium equivalent to a Cs90 loading of 12.4 wt 7% so
that the final waste solids would contain 1 wt %
cesium.



Table 2.  MCC-1 FUETAP mix for simulated SRP waste

Fraction of total

Component (wt %)
Type I Portland cement 22.0
Fly ash 11.0
SRP simulated waste solids 20.0
Sand 27.75
D-65 water reducer 1.25
Water 18.00

maximize the compressive strength of the resulting solid and to increase
strontium retention. Data from other concrete work suggest that this
ratio should also produce a more stable solid.lO Sand was added to
improve the thermal conductivity and the strength of the concrete. The
water reducer (D-65), a proprietary compound from the Dowell Division of
Dow Chemical (Houston, Tex.), was used to minimize the amount of water

required to maintain a pourable grout.

Clays are often added to prevent cesium migration® and therefore
reduce leach rates. In our study, the zeolite present in the simulated
wastes was assumed to serve as a.cesium retainer, The formulations were
kept as simple as possible, and clays were generally not added; however,
preliminary tests in which clays were added to the formulations indi-
cated that they reduce the leach rates (Sect. 5). A set regulator was

added when it was needed to ensure a pourable mix.




2.2 PROCESSING OF SRP WASTES

A major advantage of FUETAP as a radioactive waste disposal alterna-
tive is its ease of processing. As illustr;ted in Fig. 1, calcined
solids are blended in a drum or canister with the cementitious mix and a
minimum amount of water. The mix is then solidified by curing at 85 to
200°C and 0.1 to 1.5 MPa. To obtain samples cured at 100°C, molds are
closed and brought to temperature via a l.5-h heatup in an autoclave:
The specimens are cured for 24 h,‘then removed from the autoclave, and
cooled to room temperature. The solidified material is dewatered by
heating at 250°C for up to 24 h in order to minimize gasification by
long-term radiolysis or heat. Samples with volumes less than 4 L are
removed from the mold before dewatering, but the 4- to 75-L specimens
are dewatered with only one end expoéed. The dewatering is accomplished
in a 250°C oven with rough vacuum for 24 h. Laboratory-scale studies
have shown that more than 80% of the total unbound_water loss occurs in
the first 6 h, and there is no apparent diffusion lag in the water
release. This treatment removes all of the unbound and a small amount
of the hydrated water, leaving a hard, ceramic-like solid containing ~2

wt % water (Table 3). Following the dewatering step, the canister (or

drum) is simply capped and stored.

The generalized flowsheet was modified (Fig. 2) to meet requirements
specified by the SRP process evaluation team on May 7; 1981. This new
flowsheet requires that 2 t of dry solids be added to a full charge of
water and set regulator in a ribbon mixer within 2 h. Prior to initial

blending, the transfer boom would be set to transfer to an abort/recycle
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@ 24-h OVEN DRY

Fig. 1. Generalized FUETAP flowsheet for SRP waste.
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3 <y z AND DEWATER, @
==

\
1

SET IN 8-10 h
ON FOUR-PLACE
LAZY SUSAN -

FUETAP flowsheet for Savannah River Plant. site.
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Table 3., Results of dewatering the SRP FUETAP concretes

Weight

Temp. Time loss Volatiles lost@ Water remaining
(°c) (h) % - ) (wt )b
250 5 12.34 67 3.0

24 13.08 71 2.2

48 13.29 72 2.0¢
400 5 14.91 81 d

24 15.08 82 , d
900 24 16.97 92 d

8Initial grout made up to contain 15 wt % H90. Other ingredients of
the mix normally lose 3.41% of their total weight on heating 24 h at
900°C.

bPercentages are approximate.

CRepresents removal of all unbound water, as well as a small amount
of hydrate-water.

dMass spectrometry indicates that decomposition of h drates,

. P y p y

nitrates, and carbonates occurs at temperatures ZﬁOO°C.
sink; however, after blending had proceeded to the point where an accep-
table product could be made, the transfer boom would be moved to the
normal position to discharge into canisters positioned on a four-place
lazy Susan. Eight to ten hours after the canister had been filled, it
would be transferred by cranes and a trolley to the curing~dewatering
cell, Here the canister would be connected to a vacuum off-gas treat-
ment manifold, and the connections would be tested for leaks. After the
noncondensable gas had been removed, the vacuum off-gas system would be
turned off and the concrete would be cured by heating the canister at 85

to 200°C for 12 to 16 h. Then, the vacuum off-gas system would be

turned on and the temperature increased to 250°C for 14 to 18 h.

"
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Laboratory tests have confirmed that curing and dewatering in 30 h will

yield products with excellent mechanical properties.

Tests were made to assess the consequences of possible abnormal
processing events, such as a broken blender shaft or a frozen transfer
boom, in the proposed SRP f1§wsheet. Various amounts of simulated waste
.were added to a full charge of water, set regulator, and water reducer
to determine the minimum amount of solids required for acceptable phase
separation and set time. The results are shown in Table 4, where set
time is defined as the time required for the mix to harden to such a
degree that it will not flow from the container even under considerable
impact fbrce (e.g., if it was inverted and dropped from a crane). Phase
separation occurs when free water collepts on the surface as a result of

Table 4., Minimum solids requirements for phase separation
and set time for MCC-1 specimens

Volume . Volume

Solids Phase of of
added Set time separation? liquid solids
(%) (h) (%) (cm3) (cm3)
25 0 43 117.0 155.0
37.5 0 31 91.0 200.0
50 0 14 56.0 340.0
62.5 0 <1 3.0 365.0
75 <10 0 399.0
87.5 : 4-10 0 412.0

8Free water collects on the surface as a result of mix segregation
or gel shrinkage. : ' o :
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mix segregation or gel shrinkage. These data show that no auxiliary
agitation, backup transfer system, or extraordihary operational proce-

dures are required to deal with many abnormal events.
2.3 EFFECTS OF WASTE COMPOSITION AND CURING CONDITIONS

The different chemical reactivities and compositions of the various
wastes to be incorporated in concrete make changes in FUETAP formula-
tions necessary in order to ensure a desirable product, as described in
Sect. 2.1. Waste particle size affects the rheology and most of the
physical properties of the FUETAP concretes, incygding final porosity,
density, and thermal conductivity. Therefore, waste loading depends on
the particle size of the waste solids. Increased waste loadings without
the appropriate formulation changes will generally result in increased
mix viscosity, poorer compressive strength, and lower thermal conduc-
tivity in the final product. However, all requirements for an accept-

able product can be met by using the proper combination of additives.

Although major variations in the waste composition have a profound
influenqe on the mix formulafion and-the physical'prépertieé of the
final product, minor variations appear to have little effect. This
observation, noted by Moore et al. in 1971,6 is confirmed by data pre-
sented in Sect, 3.' The physical properties of the FUETAP concretes made
from various SRP wastes (Appendix A) are consistent and follow notice-

able trends with changes 1in mix compositions. .

Above threshold values, the physical properties appear to be inde-

pendent of curing temperature and pressure. Mixes containing simulated
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SRP waste yielded sqlids with essen;ially the same physical characteris-
tics when cured for 24 h at temperatures frém 100 to 250°C and pressures
from 0.1 to 4.1 MPa (Table 5). Since the SRP wastes have only moderate
radioactivity levels, the concretes containing these wastes are expected
to exhibit little or no self-heating. Therefore, sgmples were usually
cured at tﬁe lower temperature and pressure (100°C at 0.1 MPa), which
would be the most extreme hydrothermal conditions expected in a
repository.

Table 5. Effects of curing temperature and pressure
on SRP FUETAP specimens

Temp. Pressure Compressive strength Thermal "conductivity
(°c) (MPa) (MPa) [W/(m*K)]

100 0.1 61 : : ’ -

100 0.6 62 1.00

160 0.6 _ 54 1.60

250 4.1 . 58 ' - -1.05

3. PHYSICAL PROPERTIES

Laboratory~scale studies with simulated SRP waste show that the
resulting FUETAP concretes have excellent properties and can be classi-
fied as high-strength concretes. Results of the tests on various FUETAP
concretes .are detailed in Appendix A and a supplementl8 to this report;
only a brief summary is given here. Typical values for concretes con-
taining 20 wt % simulated SRP waste (MCC-1 formulation) are shown in

Table 6. The compressive strength ranges from 60 to 100 MPa for samples
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Table 6. Typical properties of SRP FUETAP samples
prepared with MCC-1 mix

Physicalvproperty | Value
Density, g/cm3 2
Compressive strength, MPa 60-100
Thermal conductivity, [W/(m-K)] V 1
Porosity, % 22-26
Permeability, darcy 6 x 10°5

dewatered for 24 h at 250°C. The thermal conductivity is 1 W/(meK); the
density is 2 g/cm3, and the porosity ranges from 22 to 26%. The per-
meability is only ~6 x 10-5 darcy (~6 x 10-17 m2), a fairly typical

value for a normal dewatered concrete.
3.1 PERMEABILITY ,

The permeabilities of the FUETAP concretes were determined ffom
dewatered samples. Nitrogen gas was used as the working fluid, and flow
rates were measured at three different pressures; then Darcy's law was
applied to calculate the apparent permeability. The permeability to a
selected fiuid was determined by applying the Klinkeﬁberg correction to
the three apparent permeability determinations. That is, the log of the
permeability was plotted as a function of the reciprocal of the pressure
differential, and the linear relationship was then extrapolated to infi-
nite pressure. (At this intercept, the apparent permeability equais the
permeability to any fluid.) Results showed that the permeability varied

with the formulation and waste particle size, ranging from 1.0 x 1076 to
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1.0 x 1073 darcy for most FUETAP concretes, and was directly proportional

to the water/cement ratio.
3.2 POROSITY AND DENSITY

Porosities and densities were usually measured by immersing the
vacuum-dried samples in toluene (25 mL); however, a few mercury intru-
sion measurements were made. In the toluene immersion tests, samples
were cut and ground to right-circular cylinders. Measurements were made
at multiple positions to determine precision of shape and to obtain
average dimensions. Samples were then dried for at least 16 h in a
vacuum oven [~30 in. Hg (~20 Pa)] at 100°C, cooled in bottles containing
a desiccant, and then weighed. From these measurements, values were
obtained for the cylinder's geometric volume [Vgeo (em)3], dry weight
[(Wary (g)], and density [p (g/cm3)]. Samples were evacuated at ~30 in.
Hg (~20 Pa) for 1 h and then submerged in toluene for at least 8 h in
order to achieve saturation. Following this treatment, the samples were
weighed, still submerged, to obtain Wgyp. .By Archimedes' principle, the
volume of the solid, as determined by its liquid displacement, is
Vs = (W4ry - Wsub)/pt, where py is the density of toluene. Porosity is

calculated by:

Vgeo = Vs Wary — Wsub
= , or P (%) =100 | 1 -
Vgeo Pt Vgeo

P = e

The density of the concrete sample fully saturated with water is calcu-
lated as follows: pgat = (Wary + P Vgeo Pwater)/Vgeo, and the density
of the solid (approximately theoretical) can be determined from:

Ps = Wiry/Vs = (Warype)/(Wary - Wsyb). The greatest sources of error
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were in the drying and saturation procedures. Dimensions were reproduc-
ible to 0.1 mm, or ~1%, while weights were accurate to >0.03%. Assuming
that drying and saturation were carried to >95% completion, the overall

estimated error was <2% in V, p, and W but might be >30% in P,
3.3 THERMAL CONDUCTIVITY

A Dynatech TCFCM-20 comparative, thermal conductivity analyzer was
used to measure the thermal conductivities of the cementitious solids.l9
In this instrument a short, right-circular cylinder 2 in. OD and 0.5 to
1.0 in. high (5.1 cm OD x 1.3-2.5 cm high) is sandwiched between two’
Pyrex 7740 reference disks of the same diameter (Fig. 3). Heat flows.
from the main heater at the top of the stack to the heat sink at the
bottom. A second heater is used to control the temperature at the
bottom. Metal spacers are placed between the heaters and the reference g

disks to equalize the heat flux over the horizontal cross section of the

LY

stack. A guard ring surrounding the stack is maintained at the same
temperature gradient as that existing in the stack to prevent radial

heat loss.

Temperatures are measured eifher by thermocouples embedded in
grooves in the interface surfaces of the samples and reference ﬁaterials
or by temperature—sensing‘disks. The latter are thin, circular plates
of nickel into which a radial hole has been drilled for insertion of a
thermécouple. Although the former technique ié more accurate, the
attendant sample preparation is quite time-consuming; thus, the

temperature-sensing disks are used for most screening measurements.
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After the required temperatures have been measured, thermal conductivi-

ties -are calculated from the equation:

XS kt ATt kb ATb

kg = + ,
2ATg Xt Xp
where
k = thermal conductivity, W/ (m*K);
AT = temperature differential, K;
X = thickness, cm;
s,t,b = subscripzs refefring_to the sample; tpp reference, and

bottom reference materials in the test stack, respectively.

Although this equation is only applicable in cases where the interface
areas are equal and there is no radial heat flow, experimental results

show that variations in area of <127 would change the results by <3%.

Table 7 compares FUETAP concretes prepared from mixes MCC-1 and
MCC-2. These data show the advantages of minimizing the water/cement
ratio., The lower limit of this ratio is determined by the processibil-

ity or workability of the mix. Figures 4 through 9 show trends in the

Table 7. Comparisons of physical properties of
FUETAP mixes MCC-1 and MCC-2

Dry bulk Thermal Water/
FUETAP Porosity density conductivity cement
mix (%) (g/cm3) [W/ (meK)] ratio
MCC-1 29.5 1.91 0.90 0.81

MCC-2 ' 26.9 . 1.94 0.95 0.75
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physical properties of SRP concfetes. The data points tend to be scat-
tered because the concretes contained a variety of SRP waste solids and
waste formulations which affected the physical properties (Sect. 2.3).
Although direct correlations cannot be ﬁade from these results, the
general trends follow those of FUETAP concretes containing other wastes
on which more detailed studies have been made. The density and the
thermal conductivity decrease with increasing water/cement ratios, while
the porosity increases. Both the thermal conductivity and the density
increase with sand concentration, which was kept below 30 wt % since
larger amounts reduce the compressive strengths. The thermal conduc-

tivity is directly proportional to the density.
4, PHASE CHARACTERIZATION

The ordinary, wet-method analytical results for a solidified FUETAP
concrete (MCC-1) containing 20% simulated waste are shown in Table 8.
Silicon was volatilized while the samplé was being prépared for analysis

(due to fluoride dissolution) and therefore is not included in the 1list.

In a series of preliminary studies made by the Metals and Ceramics
'Divisioﬁ of ORNL, the individual phases of SRP FUETAP concrete specimens
were examined and characterized using optical microscopy, scanning
electron microscopy (SEM), and electron microprobe analysis. Both frac-
ture surfaces and polished sections of MCC-1 FUETAP samples (1.5 cm
diam) were examined in an attempt to characterize the materials.
Samples for SEM or micrbprobe study were mounted in epoxy, carefully
polished, and coated with a conductiveilayer of carbon or gold prior to

examination,
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Table 8. Analysis of SRP FUETAP sample prepared
with MCC-1 mix?@

Fraction of total

Element (wt 2)
Al ' 2.56
Ba ' 0.02
Ca 11.29
Ce 0.34
Co - 0.01
Cr A 0.01
Cs 0.13P
Fe ' 8.22
Gd , . 0.04
K 0.23
La 0.01
Mg 0.44
Mn : 1.79
Na 0.87
Ni 0.91
P - 0.03
Sr 0.22¢
Ti 0.13

88ilicon was volatilized during sample
preparation,

Cesium value is 1ow because of sodium
interference.

CStrontium value includes the amount present in
the cement and fly ash.

Numerous phases were observed when a specimen was-examined under an
optical microscope using polarized light. The ldrgest phase (500 to
1000 um) was silica from the included sand. Small red phases (50 to 300
ym), probably Fe,03, were scattered throughout the field of view. A few
metallic inclusions (50 to 150 uym) were also seen and were later con-~

firmed as nickel by microprobe studies.
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An energy dispersive x-ray analyzer (EDX) was uéed in conjunction
with a SEM which used_backs?atteredAelectrons to reveal the locations of
calcium, siiicon, éluminum, and iron on the surfaces of MCC-1 samples.
Calciuﬁ, silic06, and aluminum were evenly distributed over the sur-
faces, exéept for one large sand grain (Si0j) and many smaller scattered
phases of mostly iron oxides (Figs. 10 througﬁ 13). The concerned ele-~
ments are shown as light aréas in the top photograph (SEM) of these
figures. Aé.many as nine or ten phases have been detected by using the
SEM in conjunction with the EDX counting system. A SEM photograph and
results of EDX analysis of a typical sample are found in Fig. 14 and

Table 9, respectively.

At'presenf, we can only make guesses concerning the identity of the

phases in the SRP FUETAP concrete. Preliminary analysgs have confifmed
the presence of grains of quartz (sand), Feg03, zeolite, Gd203, and

calcium aluminum hyd;ate. -Manganese and nickel were also present in
discrete grains that were deficient in other méjbr components (Table
10). The discovery that both cesium and stroﬁtiu@ are present in
digcrete phases has been of major importance in these studies. Cesium
is located either in the éeolite or in a cement phase with high silicon
and aluminum concentrations. Strontium has only been found in a phase

rich in manganese.

It is extremely difficult to identify individual cement phases
within a hardenéd FUETAP sample because the phases of cement grow
together as they hydrate. After samples are cured at room temperature

for 3 to 6 months, the phases are so intergrown that no single-phase

P
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Table 9. SEM/EDX elemental analyses of phases in SRP FUETAP
- sample prepared with MCC-1 mix

_ : Elements
Phase - - Major e Minor
A i Ni 'A Ca, si, Ai, S, Fe
B v Fe ' Ca
c ) Gd | Ca, Co, Si, Cr(?), Al
D Mn . Ca, $i, K, Cr(?), Sr
E Al Ca, Fe
F Fe ca, Si, Al, §, K
G } Ca .. 8i, Al, Fe, S, Mg,'K(?),uTi_
H ‘ ~ Fe, Ca, si, Al . Ni, Mn, S
J .~ .si, Ca, AL Cs, S, Na, K, Fe
K ' Ca, Si, Al . Fe, Mg, S, Ti
‘L Ca; Si, Al, Fe o S, K, Ti(?)
M o Fe, Ca ) . : Si, S, Al
N . Ca, Si, Al, Fe Ti, K, S, Mn, Na
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Table 10. Possible phases found in MCC-1 FUETAP concrete

containing SRP-4 waste

- . - N Elements
Phase . ' Major ' Minor
Zeolite ° Cs, Si, Al K, Ca, Ce, Fe
Gd,03 Ca, Fe, Gd Cr, Fe, Si, Al, S
Fey03 " Fe Ca, Si, Al, S
$i09 (quartz - sand) " 81 -
Ni SN -
Mn (contains Sr) S Mn Sr
Cement phases: : Ca, Si, Al, Fe

Si, Al, S, Fe
Ca, Si, Al, Fe

(calcium aluminéte-hydfate) Ca, Al, Fe

S, K, Ti
Ca, K, Na, Cs
Mg, S, K, Ti

S

material can be isolated (see Fig. 15);* thus, it is nearly impossible

to identify the partitioning of radionuclides. For such identification,

it may be necessary to examine microstructures as they hydrate.

Particles of C3S*, C2S, C3A, and CzAF could be identified in samples

just beginning to hydrate. We would expect to see the radionuclides

present in the very basic Ca(OH)9 solution at this point. As hydration

of the cementitious phases proceeds, the movement of radionuclides might

be monitored.

*Cement-technology notation, where C = Ca0, S = Si0Op, A = Al903,

F = Fey03, and H = Hy0.
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5. LEACHABILITY

The leachabilitylpf the waste form dﬁring interim storage, transpor-
tétibn td the féposiﬁory,'and‘final placement'in the repoéitory in the
event of ;n aqueous intrusion at any of the above points has been con-
sidered to be a princi§31 parameter in SRP waste form selection. The
leachability-stﬁdies for SRP FUETAP speéiﬁéns were conducted under both
static and dynamic'condifions,'using the g;andard Materials Characteri—
zatién'Cenger MCC-1 static leach testzo and the modified International
Atomic Energy Agency (IAEA) leach test,2l respectively. Distilled water
was selécte& as the base line for these studies. Standard MCC-1 silica
water and brine leachants were assumed ta répféééﬁf.solutipns that might
be encountered in real-life situaﬁidns. The leachabilitieg of the indi-
vidual radiohuélides have a complex interrelatiénship between the cement
type, setting p;pperties, the waste compositioﬁ,.épd the inclusion of
speéific fixatives such as:clays. Va%ious testshhave been performed to
determine the effeé;s of these parameters on leachability. The results
of théSe tests, whiék;arg[presehtéd iﬁhdefail ih'a s&pplementIIS are

summarized in this section, -

Iﬁipially&;c;psérvétive leachA;tqgies_were madé~ﬁ§ing the mo&ifie&
IAEA leachlbfoéedure,‘ﬁhiéh éxpoéés fhe-épecimens toAfresh leachants
tﬁrouéh§u£ tﬁé test.\.Resﬁlfa?indiééted éhat iééch fateé (unnormalized)
were on the order of §}0'6, 5}0'4, and 5}078 g/(cm2°dj.for cesium,

strontium, and plutonium, respectively,

Typical values for the MCC-1 static leach tests are given in Table

11. Most of the leach rates for the MCC-1 static tests are reported as
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Table 11. Typical values for the MCC-1 28-d leach rates
' from SRP FUETAP specimens in deionized water

Leach rate?

Leachant [g;/(m2+d)]
i temperature

Element =~ (°c) : Low High
Al . 90 1.6 5.7
csb 90 11.0 29.0
Fe 90 ~0.002 0.016
‘Mn ' ‘ 90 0.00096 0.027
Pu 25 1 0.011 0.40

Sr _ 90 0.113 10.830

3g: = reduced gréﬁs = grams of ith element divided by the mass frac-
tion of that element in the waste. .

bcesium loaded on the zeolite Ionsiv IE-95.
average values and are based on the normalized or reduced mass (gi) of

the specimen. These reduced leach rates are calculated by:

. M WosAj
LRy =

£ SAsd i Age SAed ’
where
LR; = leach rate of element [gi/(m2ed)],
M; = mass of element in leachate (g),
f; = mass fraction of element in initial specimen,
"Af = rédioactivity»of isotope i in leachate (counts/min),
Ay = radioactivity of isotope i in initial spécimén (counts/min),
Wo';'= initial mass of specimen'(gj,
SA = surface area of specimen (m2), and

d = leaching time (d).
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Since the bH'of fypicgl cement—basedzwaéte hqét_leaghgnts is high
(11.3 to 12.5), the solubilitiés (and therefore the leachabilities) of
actinides in static tests are very low LSIO'Z gi/(m2°d)]. The leach-
abilities of the short-lived fission products (cesium énd strontium) are
controlled by tailoring the_formulation of the mix to the specific waste
st;eam. The effects of substituting clay for sand (MCC-3 and MCC-4
mixes) are shown in Table 12.- Cléy additives reduce the initial cesium
washout by a factor‘df 2. A statistical analysis of 70 uranium MCC-l
leach tests (Appendix B) showed a significént difference in uranium con-
centrations in leachates between waste formulétions containing 3.5%
Indian red pottery clay (MCC—GA mix) and those containing bentonite clay
_(MCC—QB mix). The Indian red clay had'a significanﬁly lower-uranium
leach‘rate. Additional tests were made to deterﬁine the effects of
cement type (Table 13 and Fig. 16). The data from these tests confirm
that the FUETAP prbcess yields'écceptab1e>product with any of the ;hrée,A
readily available commercial cements. The dependence of leachability on
leachant and ‘leaching temperature is shown in Table 14. Only the
leaching of strontium into silica water shows a statistically signifif:
cant difference for the temperatures of 40 ;nd 90°C. The reference
waste composition for Tables 12 ‘and 13 is SRP—A,thilé that for Table 14
is SRP-6 (Table A.2, Appendix A). The latter waste requirgd a lérger
amount of water to produce a p;ocessible mix and yielded a final product
with 50% greater porosity than the former waste. As a result, the |
cesiuﬁ washouts from the SRP-6 waste form were higher'(four to five
times); therefore, the 28-d leacﬁ rates for cesium are higher in Table

14 than in Table 12,
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Table 12. Effects of Indian red pottery and bentonite clay additives
- - on the leach rate of cesium from FUETAP concretes

. Cesium MCC-1 '1each:ratesa at 90°C [gi/(mz-d)]it
DIW leachantb . SIW leachant©¢ .
Leach ‘ - -

time MCC-3 . -+ MCC-4 MCC~-1 MCC-3 MCC-4 MCC-1

(d) mixd ' mix€ mixf mixd mix®€ mixf

3 85 97 150 89 63 99

7 . 53 81 50 30 52

14 27" 35 - 44 25 19 35

28 - - 29 - - 16

2g: = reduced grams = grams of ith element divided by the mass frac-
tion of the ith element in the waste -
bpIW = distilled water.
cSIW = gilica water. :
d7.0 wt % Indian red clay substltuted for sand.
v €3,5 wt % Indian red clay plus bentonlte clay substituted for sand.
ENo clay added to mix.

Table 13. Effect of cement type on: MCC- 1 28-d 1each rates from
FUETAP spec1mens in deionized water

28-d MCC-1 leach rates? at 90°C [g;/(m2¢d)]

Cement tyee Al Fe ~ Mn _ » Sr
Type I Portland 3.31 0.0041 0.00096 0.43
Type IS slag 1.57 0.0020 0.0234 0.39
Fondu -

(high alumlna) 5.67 0.0091 0.0152 «~ 0.83

50% Type 1 + )
50% Fondu 4.11 ~0.0159 " 0.0268 0.11

8g: = reduced grams = grams of ith element divided by the mass frac-
tion of the ith element in the waste.
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Table 14. Effect of temperature?

on

leach ratesP from MCC-6A FUETAP specimens®

g1/ (m2:d)
Temperature »
Leachant (°c) Cs Sr U Ce Nd
Distilled water
(DIW) 90 48 £+ 7 0.27 £ 0.02 " 0.035 = 0.008 0.11 * 0.02 <0.1
'Silica water .
(SIW) » 40 46 £ 3 1.3+ 0.1 0.007 * 0.003 0.02 * 0.02 <0.1
90 37+ 3 0.30 * 0.01 0.02 * 0.01 0.02 £ 0.01 <0.1
Salt brine
(BRI) 40 59 * 12 17 £ 6 0.06 * 0.01 <0.1 1.0 £ 0.5
90 53 £ 5 23+ 5 0.06 * 0.01 <0.1 0.6 £ 0.2

428-d MCC-1 leach test at 40 and at 90°C.
reduced grams = g of ith element divided by the mass

bLeach rates in gi/(mz'd),where g =
fraction of the ith element in the waste.

CPlus and minus values are one standard deviation.

%
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Results of recent tests have shown that increasing the calcining and
curing temperatures can reduce the initial cesium washout. The SRP
waste solids would normally be calcined at 600°C before being mixed with
concrete additives in the first step of Fig. 1. Mild curing tempera-
tures and pressures (100°C, 0.1 MPa) were used for most tests since the
physical properties of FUETAP concretes are not improved by increasing
the curing time, temperature, or pressure (Sect. 2.3). The data in
Table 15 show that increasing the waste solids calciﬁing temperature to
900°C and the concrete curing temperature to 200°C would significantly

lower the 1initial cesium washout and would thus reduce the leach rates.

Table 15. 1Initial cesium release from SRP FUETAP specimens@
after 3-d leach with deionized water at 90°C

Curing Cesium release (ng/cm?) at calcining temperature of .
temperature
(°c) 600°C 900°C
85 21 _ 9
20 17
100 19 13
18 12
200 6 4
7 -

4Cesium loaded on the zeolite Ionsiv IE-95,
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The MCC-1 standard leach test20 is a static system. As such, the
leachate concentrations approach and eventually achieve saturation. The
MCC-1 procedure requires that all '"leach rates'" be reported at an
arbitrary leach time of 28 d. Therefore, the MCC-1 28-d '"leach-rate"
values may only represent saturated leachate concentrations divided by
28 d. This is clearly indicated in Table 14, where the concentrations
of uranium, cerium, and neodymium in the leachates were constant
throughout the 3-, 7-, 14—, and 28-day tests. The statistical analysis
of the results from 70 uranium MCC-1 leach tests (Appendix B) also shows
that the uranium concentrations have no significant time—-dependence in
these tests, Furthermo}e, there was no statistically significant dif-
ference in uranium solubility between deionized water and silica water
leachants; however, brine holds more uranium in solution. Uranium solu-
bility was statistically the same at 40 and 90°C in the brine, but

showed a significant increase with temperature in the silica water.

The MCC-1 procedures provide for measurement of ''leach rates"

by
a plot of normalized elemental mass losses vs time. The normalized

elemental mass loss 1is:
Mj

(NL); = oA °

where
(NL); = normalized elemental mass loss (g/m2),
M; = mass of element i in the leachate (g),
f; = mass fraction of elemene i in the unleached specimen,
SA = geometric surface area of the specimen calculated by using

overall dimensions (m2).
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If there is no initial wash-off, these plots will go through the origin.
The MCC-1 sample preparation procedures allow cutting, polishing, and
ultrasonic washing in order to eliminate wash-off from the surfaces of
glass and other nonporous waste hosts. 1In the case of concretes, these

procedures may actually increase the .initial wash-off.

Figures 17 and 18 illustrate the effects éf initial wash-off on
reported MCC—l'leéch rates for strontium and cesium, respectively, from
MCC-1 FUETAP céncrete at 90°C. Cesium has a much higher initial wash-
off, which can be substantially reduced by increasing the calcination
and curing temperatures éf by the addition of cléys as described abéve.
When these short-term leach rate data are reported as specifiea in the
MCC-1 testing procedure, the results ére biased by the initiallwash—

off.22

In the MCC-1 procedure the size and shape of the solid test specimen
are not considered critical and are left to the user's choice.
Therefore, an unspecified assumption that the test specimen is to be
treated és a semi-infinite solid is implied. 1In fhe case of diffusion-
controlled leaching, laboratory results can be scaled to larger mono-
liths by using the test specimen's sufface/volume ratio (SA/V). The
data presented here involved test specimens with SA/V ratios of ~7,
while engineering-scale waste forms have a SA/V of <0.1. Therefore, 55-
gal monoliths would have fractional release rates that are smaller, by a
factor >70, than those presented here. Our results indicate that the
MCC-1 static leach procedures give no insight into the long-term leach-

ing behavior of large-scale concrete blocks.21,23
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6. THERMAL STABILITY

Thermal studies were made to determine the effects of increased tem-
perature on FUETAP concrete specimens during>transportation and during
storage in an approved facility. The effects of fire were examined
assuming that the maximum temperature experiénced by the waste solid
would be 800°C. Results of the thermal stability studies demonstrated
that prolonged heating (>2 years) of simple concretes at the expected
operating. temperature of a waste storage facility (100°C) produced only
minor changes in compressive strengths. Also, concrete~sludge samples
showed no loss of mechanical integrity after prolonged heating at
400°C.2% Results of ORNL studies performed at 250°C show that FUETAP
specimens have an ~1.4 wt 7 loss and a 10% reduction in compressivé

strength during the first month but no significant change after that.

In short-term heating tests, the FUETAP concrete specimens were
found to be thermally stable up to 900°C, the maximum teﬁperature used
in the laboratory studies. After 24 h at 900°C, they contained oﬁly
~1 wt % water and had a volume reduction of ~1.7%. Although a few hair-
line fractures were evident, the specimens had adequate compressive

strengths (~20 MPa).

Thermal expansion measurements were made to determine the thermal
expansion coefficient using a series of samples, each of which was
approximately 15 mm in diameter by 31 mm long. These samples, which
were prepared by using the MCC-1 formulation with SRP-4 waste solids,
weré cured and dewatered by the standard FUETAP method (100°C - cure;

250°C - dewater; 24 h each).
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A Harrop thermal dilatemetric analyzer (Model TD-712) connected to a
Harrop differential thermal analyzer (Model TA-700) was used to perform
and record the thérmal expansion experiments. The system was calibrated
at the heating rate of 4°C per minute uéiné a 2.60-in. alumina standard.
The recqrder is calibrated to plotrthermal expansion as a percent of the

initial length vs sample temperature.

The sample was subsequently placed in the thermal dilatemetric
analyzer, where it was heated at the rate of 4°C per minute to 800°C,
held at 800°C for ~5 min, and then returned to room temperature at the

rate of 4°C per minute.

Figure 19 shows a typi;al expansion curve for a FUETAP sample
prepared from)MCC—l mix and SRP-4 waste._-During the‘ﬁeating cycle, the
length of the sample increased almost linearly up to ~0.2% at 400°C and
then continued to increase gradually up to ~580°C. This expansion was
caused by the transition from alpha to beta quartz in the sand
aggregate. The sample length remained fairly constant between 600 and
700°C, after which it began to shrink rapidly. At 800°C, the sample
expansion was ~-0.7%.  Upon cooling, the sample shrank linearly until a
sharp drop occurred at ~580°C, caused by the reversible transition from
beta to alpha’quartz. At room temperature, the final sample length was

1.7% less than the original length,

Using the expansion curve in Fig. 19, the average value of the
linear thermal expansion coefficient was found to be 4.7 x 107%/°C
between 20 and 400°C, which is approximately half that of most HLW

glasses and hard-rolled steel. The transition between alpha and beta
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quartz at 580°C resulted in a maximum expansion in length of 0.65%. The
FUETAP concrete expanded a maximum of 2.0 vol % at 580°C and then began
to shrink at 700°C. At 800°C, the volume was approximately 2.2% less
than the initial value. The net volume change after cooling was -5%,
and the final weight loss was ~-87%. The compressive strength remained
at 20 MPa. The gases produced during the heating cycle are water and
carbon dioxide, primarily from the decomposition of Ca(OH)y and CaCOj,

which are by~products of cement hydration.

7. RADIATION STABILITY

The radiolysis of cement-pore water and the potential pressurization
of waste canisters due to an accumulation of the radiolytically pro-
duced gases have been identified as major concerns for radiocactive waste
hosts. By linear extrapolation of short-term experiments <5 months),
Bibler25 estimated that a gas buildup to ~100 atm (10 MPa) could occur -
after 100,000 years in a standard canister ;ontaining alpha waste.
Long-term radiolysis studies (>500 d) made at ORNL show that the gas
generation rate does not'remain linear with time. Each of the gas
generation-vs~-time plots has a steep, initially linear portion (seen by
Bibler) and then levels off. These longer-term studies demonstrate that
Bibler's model grossly overestimates the long-term pressure and that
radiolysis of concretes is not a serious problem and does not limit

their application to radwaste management,

Ay

The radiolysis of concrete is dependent on the amount of unbound or

free water present in the system. Therefore, removal of all or most of
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this water will greatly reduce or eliminate the gaseous radiolysis
products. Unbound water is removed from the FUETAP concretes during the
autoclave curing step (Sect. 2). Results of laboratory studies have
demonstrated that the dewatered concretes. contain only 2 wt % water,
which is chemically bound in the cement's hydration products. Regardless
of the production rate, however, pressurization. from the accumulation of
hydrogen and bxygen is avoided when sufficient recombination of these
gases occurs during their generation. Tééts have been made on undewa-
tered and dewatered FUETAP samples to determine both the long-term (2-
to 4-year) alpha-radiolysis gas generation and the effectiveness of
FUETAP concrete as a recombination cétalyst for hydrogen and oxygen.
The'réSults,Awhich are detailed in a supplement,l9 are summarized in

this section.

In the long-term (>500-d) radiolysis experiments performed at 25 to
30°C, we used 10~cm3 steel capsules containing FUETAP concrete specimens
(1.5 em diam x 3.5 cm long; 6.2 cm3; 8.2-g of solids) which were spiked
with 4.5 mg (tests 1 through 3), 0.5 mg (tests 4 and 5), and 1.5 mg
(test 6) of curium-244 (12.3 mg/Ci). Each test day was equivalent to
300, 30, and 100 years, respectively, in the life of a real waste drum
(based on an estimated alpha dose of 6 rad/h for SRP waste); The dead
volume (~5.8 cm3) of each test cell was measured by expanding a known

volume and pressure of argon into these test capsules.

The results of these experiments show that the pressure increases do
not remain linear with time and that the .equilibrium pressures are

dependent on both dose rate and temperature. Tests performed for
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periods as long as 400 d at 5.6 x 105 rad/h showed that the drum pres-

sure would level off at 30 psig after a dose of 55,000 dose-equivalent

years. Table 16 summarizes the radiolysis gas generation data. The u
total gas (molecules/100 eV) values were taken from the averages of the

initial linear slopes of the pressure rises and are very conservative

overestimates of the long-term gas generation. These total gas values

are one-fifth to one-third of Bibler's estimated values.26

Table 16. Results of FUETAP alpha-radiolysis tests with’244Cm

" Conditions : :
for : Total gasd Average range

dewatering - Dose rate (molecules/ (dose-equivalent
Test (250°C, 24 h) (rad/h) ‘¥00_gV) | years)b
1 No 5.6 x 105 0.095 + 0.005¢ 300-15,000
.2 Yes ' 5.6 x 102 0.00Q_:_0.00Z 2,000-50,000 "
3 | fés ‘ 5.6 x 102 0.005 :_0.00é 300—50,900
4 . Yes _ - 6f5 x 104 0.001 :,0;0006 7,000—16,000 )
5 Yes | 6.3 x 104 0.002 + 0.001 1,500-7,500
6 | Yes 1.9 x 105 0.008 + 0.005 2,700-10,000

+ 4Taken from the initial linear portion of the plot showing pressure
rise with time. _
bBased on an estimated alpha dose of 6 rad/h for SRP FUETAP
formulas. _ '
CStandard deviation.
Figure 20 presents the estimates of gas pressurization for unde-
watered and dewatered FUETAP (tests 1 through 3) concretes in a 200-L -

drum filled to '90% capacity. These data show that the first 1000

equivalent years of accelerated dose to undewatered FUETAP concrete
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results in a drum pressure of 14.6 psig in the undewatered case and
negligible pressures in the dewatered cases. Furthermore, this small
radiolytic gas production is dose dependent and is expected to be lower
for real waste. Test specimens were spiked with 244Cm from a nitric
acid solution, resulting in a homogeneous curium distribution. However,
real waste has most of its alpha activity bound in large agglomerates
which reduce the actual alpha dose to the cemént by a factor of 100 via
seif—absorption. Also, the use of small specimens results in a loss of
the recombination effects because their diffusion paths are unrealisti-
cally short. Depending on the test geometry and the spiking procedure,
data from tests such as these may ovefestimate the actual radiolysis by

factors between 3 and 1000.

Figure 2] summarizes the pressure-vs-time data for an undewatered
FUETAP (test 1). These results disprove the efficacy of the linear
extrapolation of the alpha-radiolysis gas generation data taken from
short-term (<200-d) tests. Also, they show that the recovery of the
pressure after gas sampling at day 500 is approximately superimposible
on the initial rise from 90 to 130 psig. No significant change in the
radiolysis character after 150,000 equivalent years of exposure is
noticeable. The rate of the recombination reaction appears to balance
the radiolysis rate, producing a maximum pressure limit. Such infor-
mation indicates that measurements of radiolysis rates are dependent on
the arbitrary choice of the geometry and the dead volume of the test
cellf Therefore, comparisons of radiolysis measurements between labora-

tories are not meaningful unless a standard geometry is used.

g
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Figure 22 shows the results of duplicate tests of the alpha radi-
olysis of a de&atered FUETAP concrete with the same dose rate (0.56
Mrad/h) as test 1 (Fig. 21). The pressures generated in the dewatered
samples are an order of magnitude ;ower than thqse for the undewatered
sample. Pressure does fluctuate in the first 200 d, demonstrating a
cyclical buildup and decrease of pressure and a corresponding catalytic
irecombiﬁafion of hydrogen and oxygen. Gas sampling in test 2 at day 500
is shown in Figs. 23 and 24. The latter figure shows the pressure recov-
:Ery superimposed on the initiai buildup of radiolysis gas. Again, these
‘reéults do not indicate a sign?ficant change in radiolysis character

after 150,000 equivalent-years of alpha dose.

Figure 25 displays the results of tests 4 and 5 (duplicates) of the
alPha radiolysis of a dewatered FUETAP concrete with a dose rate about
one~tenth of that in tests 2 and 3. The expected pressure oscillations
are seen in the data from test 4; however, the data from test 5 show no

‘initial pressure oscillations and no significant pressure rise until

-

7

~250 d. Evidently, in test 5 the test chamber was not properly balanced
at atmospheric pressure after the dead-volume calibration. Since the
pressure transducer could not read negative pressures, such data indi-~

cate a negative base-line offset.

Figure 26 shows the alpha-radiolysis data of test 6 using a dewatered
FUETAP codéféte with a dose rate (0.19 Mrad/h) which was intermediate
between the two dose rates of previous tests. The initial slope of the
curve indicates a total gas (moleéules/lOO eV) value that is Cémparable

to the values listed in Table 16. The pressure becomes significantly
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higher than that observed in the other dewatered tests (tests 2 through
5) after 8000 to 9000 equivalent dose-years. Since the data exhibit no
initial pressure oscillations and no positivé pressure for the first

20 to 30 d, the test chamber was probably not properly balanced after
the dead-volume calibration. The higher nonoscillating pressure sug-
gests that the pressurization is from nitrogen alone, which implies that
the surrogéte waste used for this batch may have contained an unusuallyv{
high nitrate concentration. No final analysis of the waste was made to

‘confirm this possibility.

Figure 27 presents the data from tests 1 through 3 in vglume
(liters, STP) of gas generated per kg of host solid vs the equivalent
dose—years in the life of a real waste drum (based on an estimated

>a1bha—dose rate of 6 rad/h for SRP waste). This same information is
shown in Fig. 20 as estimated drum pressure. The results for the dewa-
tered samples (tests 2 through 6) at three different dose rates are ~
shown;in Fig. 28. These data, except for those of tests 5 and 6 (as

notedtpreviously) are effectivély normalized by using an equivalent dose-

years scale.

In thejundewatered case after 500 d of alpha radiation (test 1), the
volume % gas composition (Table 17) was typical for the radiolysis of
‘water, with hydrogen and oxygen being the majof species, However,
nitrogen was the predominant species (96 to 98 vol %) in tests 2 and 3
with the dewatered FUETAP concreges (Tabie 17). These results subst;n; -

tiate the conclusions of Katz, 27 -who showed that FUETAP' concretes were

*

-~

very active hydrogen-oxygen recombination catalysts and suggested that

these radiolysis products could not accumulate in the dewatered FUETAP




ORNL DWG 83 - 183

O~

O UNDEWATERED
5 - A-DEWATERED
A DEWATERED

TOTAL GAS VOLUME (STP) GENERATED (L/kg)
w

EQUIVALENT DOSE "YEARS

Fig. 27. Comparison of gas generation rates of SRP FUETAP concrete
before and after dewatering. -

0 25000 50000 75000 100000

€9



TOTAL GAS VOLUME (STP) GENERATED (L/ kg)

0.30

0.25

0.20

0.15

0.10

0.05

0.00

ORNL DWG 83-182

l l I
O
L o ]
O
o L
L o) A —]
A
@] A AA$ a AAA AAAA
- O 4 a at —
0 A A A
A
m%a o4 ata
A D A Ara &
- ° . 4 A TEST 2 —
st A A
0 o A TEST 3
A A A A

5 a AP 4 a o TEST 4

—-DAA;% aa 4 s TEST5 |
A
R f’q‘ RS S " o TEST 6
A %% -0
A 0 _A

2 @j@é@ - | |
0 10000 20,000 30000 40000

EQUIVALENT DOSE YEARS

Fig. 28. Comparison of all gas generation rates of dewatered FUETAP

concretes (tests 2 through 6).

%9



65

concretes. In much shorter tests (200 h) performed by Kazanjian and
Killion,28 nitrogen was also shown to be a major radiolysis product in
- nitrate~containing, dewatered Rocky Flats Building 774 sludge.

Table 17. Composition? of gases generated in alphé—
radiolysis tests of FUETAP concrete specimens

Test L i
Compound 1b 1¢ ‘ 2 3
Hy | 46.49 49.60 - 0.59 0.24
He 1.64 0.05 157 ' 0.17
CH4 0.01 0.01" 1u 0.02 - 0.01
Ny + €O 18.21 10.10 96.15 30.62
0 33.10 - 39,88 1.32 - 0.20
- Ar “ 0.15  0.03 0.33 . 68.75
C0y 0.40 ©0.33 0.0 .- o.él

8Masgs spectrometric analysis in vol 7.
bGasusample taken after 500 d.
CGas.sample taken after 860 d.

. 8. IMPACT STRENGTH

The FUETAP conérégés are high—strenggh products (compressive
strength, 40 té 100 MPa).) MC(;—l”impactft'est:szn9 pérforﬁed on a specimen
with a geometfic SUfface dfea of 2.58 x 1072 m2 at an energy of 10 ‘.J/cm3

. caused no measurable_ipcreasejin BET §urface area. A mag§ fraction of
0.3 to 0.4% of respirable fines (i.e., <10 um) was generated by the
tests (Fig. 29). There was essentially no difference in the results for

specimens cured at 100°C and those prepared at 250°C,
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9. SUMMARY

As a radioactive waste form, the FUETAP concretes show dynamic leach
rates of transuranics below detectable limits [0.01 gi/(m2°d)]. Cesium

and strontium leachabilities compare with those for glass; however, the

_initial washout is higher, and it usually dominates the short-term

(28-d) results.

Radiolytic decomposition of these low-water (<2 wt %) FUETAP con-~
cretes is hegligible over accelerated time tests to >103 years. They
are thermally stable to 960°C and exhibit less thermal expansion than

steel.

.

The FUETAP concretes are high-strength products (compressive

strength, 40 to 100 MPa); less than 0;4 wt % respirable fines is

_generated upon impact of ~10 J/cm3. Their porosities and.permeabilities

are directly broportionél, while fhe thefmal éonductivitiés and densi-
ties.gre inversely proportional, to the formula's .water/cement (w/c)
ratio. This w/c ratio depends on the allowablé rheological limits and
thelwater‘demaqd of. the specific-ﬁrocess wasté'stream.- The . FUETAP
concrete must be tailored as an engineered buffer between the specific

waste stream and the disposal environment.

<

Concretes have been the principal hosté for most low- and
intermédiate-level ;astes for tﬁree decaaes, Siﬁce ;ccelefatéd curing
is also a common industrial practice, no inventions are required- to
applylthe FUETAP ﬁrocess. By using ineXpehsive and réadily available
materials and, requiring low processing temperatures, it allows a wide
_1atit§&e of fo?mulations ana therefdre'éécbmmbdates a br§ad'rénge of

waste streams.
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The combined cementitious and radwaste phases are complex mixtures.
Identification of these phases, together with the location of the
specific nuclides, has just begﬁn. Extensive testing ﬁas coﬁfirmed that
FUETAP concretes caﬁ serve as dupable, Fenaciou§ hosts fpr most of the
major defensg and reprqcessing, radioactive waste streams. The ques-
tions with regard to phase ch;facferization are fostered b& ;p intense

curiosity as to why they work so well.
This study shows that FUETAP concretes have excellent possibilities
as waste hosts for high-level radioactive wastes.
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Appendix A: Compositions and Properties of SRP FUETAP Concretes

This appendix details the compositions of the concrete mixes (Table
A.1) and the simulated wastes incorporated in these mixes (Table A.2)
for use in the SRP FUETAP program. Physical properties for various SRP-
formulations are also given (Table A.3).



74

\
Table A.l. Compositions of SRP FUETAP concretes? .
FUETAP concrete formulation -
Component Mcc-1h  Mcc-2 MCC-3 . MCC-4 MCC-S MCC-6A  MCC~-6B SRPZ9
Cement 22.0 24.0 22.0 22.0 22.0 22.0 22.0 25.0
I.R. clayP - ~ 7.0 3.5 - 3.5 - -
Bent. clay¢ - - - 3.5 - - 3.5 -
Fly ashd 11.0 12.0 11.0 11.0 11.0 11.0 11.0 12.5
SRP waste® 20.0 15.0 20.0 20.0 20.0 20.0 20.0 20.0
Sand 27.75 29.75 20.75 20.75 26.75 23.25 23.25 27.0
Water 18.0 18.0 18.00" 18.0 19.00 19.0 19.0 14.5
D-65f 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.0
CFR-18 - - - - 0.05 0.02 0.02 -
8Values are given in wt %. -

bIndian red pottery clay.
CBentonite clay.

dFly ash from Kingston, Tenn. ;
€Compositions are listed in Table A.2.
in FUETAP concrete specimens MCC-1 through MCC-5; SRP~6 waste was used in

specimens MCC-6A and MCC-6B,
fwater reducer from Dowell Division of Dow Chemical, Houston, Tex.

SRP-4 waste was generally used

8Delta gluconolactone set regulator obtained from Halliburton Services,
Inc. of Duncan, Oklahoma.

hMCC-1 is used to identify both a Materials Characterization Center

static leach test and a specific SRP FUETAP concrete formulation,
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Table A.2. Compositions of simulated SRP wastes@

Simulated SRP wasteP

Component SRP-1€ Srp-2d SRP-3€ sre-4f " SRP-58  sSrp-68
Fe,03 38.4 36.1 39.0 47.2 51.3 49.9
Al,503 6.8 28.2 31.0 9.2 10.1 9.8
MnO, 17.1 9.9 10.9 13.0 14.1 13.7
U30g - - - - - 4.5
pboh 16.5 3.2 3.6 - - -
Ce0,h 2.5 - - 2.1 2.3 -
Gd903h - - - 2.1 2.3 -
ca0 1.0 2.7 3.0 2.5 3.8 3.7
NiO 6.5 4.4 4.9 5.9 6.4 6.2
8104 - 0.8 1.0 1.1 1.2 1.2
Na50 - 5.0 5.6 6.6 7.2 7.0
Na;S0, 7.0 0.9 1.0 1.2 1.3 1.3
NiO 6.5 - - - - -
Cr903 0.5 - - - - -
Ba0y 0.3 - - - - -
NaF 2.0 - - - - -
NaoHPQy 1.4 - - - - -
Nd9031 - - - - - 1.1
Ceq03t - - - - - 1.1
sroi - - - 1.0 - 0.5
Zeolite] - 8.9 - 8.1 - -

8Major elements are given in wt Z.

bThese compositions were according to SRP program guidelines, which
reflect their flowsheet modifications during the course of the program.

CSimulated wastes used in initial FUETAP tests.

dComposite SRP waste without aluminum removal.

€Composite SRP waste without aluminum removal adjusted for no

zeolite.

fCom'posite SRP waste with aluminum removal.
8Composite SRP waste with aluminum removal adjusted for no zeolite.
hModified formula using uranium substitutes in accordance with SRP's

request.

iModified formula incorporating strontium, cerium, and neodymium in
accordance with SRP's request.

JThe zeolite Ionsiv IE-95 was loaded with cesium equivalent to a
Cs20 loading of 12.4 wt % so that the final waste solids would contain
1 wt % cesium.
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Table A.3. Physical properties of SRP FUETAP concretes

Dewatered Thermal Water/
density  conductivity ‘Porosity Sand cement

Mix Waste (g/cm3) [W/(m*K)] (%) (wt %) ratio
MCC-1 SRP-4 1.79 0.85 35.1 27.8 0.818
Mcc-1 SRP-4 1.81 0.88 34.6 27.8 0.818
MCC-1 SRP-4 1.82 0.89 34.0 27.8 0.818
MCC-1 SRP-4 1.85 0.88 32.7 27.8 0.818
MCC-1 SRP-4 1.88 0.90 30.4 27.8 0.818
MCC~-1 SRP-4 1.91 0.94 29.5 27.8 0.818
MCC-1 SRP-4 1.45 - - 27.8 0.818
MCC-1 SRP-4 1.49 - - 27.8 0.818
Mcc-1 . SRP-4 2.09 - - 27.8 0.818
MCC-1 SRP-4 1.80 - - 27.8 0.818

MCC-2 SRP-4 1.94 0.95 26.9 29.8 0.75
MCC-3 SRP-4 2.49 - - 20.8 0.818
MCC-4 SRP-4 2.27 - - 20.8. 0.818
MCC-6A SRP-6 1.72 0.65 34.7 27.0 0.864
MCC-6B SRP-6 1.72 0.49 41.4 27.0 0.864

a SRP-1 1.39 0.44 - 0 1.02

a SRP~-1 1.41 0.46 - 0 1.02

a SRP-1 1.42 0.48 - 0 0.73

a SRP-1 1.42 0.47 - 0 1.02

a : SRP-1 1.42 0.47 - 0 1.02

a SRP-1 1.44 0.48 - 0 0.73

a SRP-2 1.44 0.48 . ‘ - 0 1.02

a SRP-2 1.50 0.48 o - 0 0.94

a SRP-4 1.88 1.00 - 29.5 0.68

4Tests made early in program using experimental mix formulations.
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Appendix B: Statistical Analysis of Uranium MCC-1 Leach Tests

The statistical analysis of 70 uranium MCC-1 leach tests is summar-
ized in this appendix. Table B.l shows that there was a significant
difference in uranium concentrations (ppm) between waste formulas SRP-6A
and SRP-6B, which contained 3.5%7 Indian red pottery clay and bentonite
clay, respectively. However, no significant time dependence of the
uranium concentrations (ppm) is apparent. Table B.2 shows that there
was no statistically significant difference in uranium solubilities
between deionized water (DIW) and silica-water (SIW) leachants,

However, the MCC-1 brine leachant (BRI) held more uranium in solution.
This information confirms that the MCC-1 test does not measure leaching,
but only uranium solubility, which was found to be the same at 40 and
90°C in MCC-1 brine (BRI) (Table B.2). As noted in Table B.2, there was
an increase in. solubility with temperature in the MCC-1 silica water
(sIW).



Table B.l. Duncan's multiple range test® - uranium vs variable shown
: Alpha = 0.05; DF = 66; MSE = 0.0244771b
[Means with the same letter (e.g., A) are not significantly different]

Harmonic mean Leaching
Duncan of time
Variable grouping cell sizes Mean N Waste (a) Leach
Waste formula( A 34.5429 0.16027 39 SRP-6B¢€ - ~-
B 34.5429 0.03877 31 SRP-6A - -
;;;s leached _;_-— 5.69637 0.1;;14 15 - _; -
A 5.69637 0.10635 53 - 28 -
A 5.69637 0.04583 3 - 7 -
A 5.69637 0.03932 4 - 14 -
Leachant A 23.1555  0.24468 21 - - BRid
B 23.1555 0.060207 23 - - DIwe
B 23.1555 0.03576 26 - - stwf

aThis test controls error rates at different levels depending on the number of

means between each pair compared.
to those of Fisher's unprotected LSD test.
Comparisons Suggested by the Data," Biometrics

bAlpha = the level of significance; DF

error mean squares.

CComposition given in Appendix A.

dgRr1 salt brine.

€DIW = quartz distilled water.

fsiw silica water.

D. B, Duncan,
31,339-59 (June 1975).

Its operating characteristics are somewhat similar

"t-Tests and Intervals for

= error degrees of freedom; and MSE =

87
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Table B.2. Duncan's multiple range test@ for
* uranium concentration (ppm) vs temperature

(Means with the same letter are not significantly different)

Temperature
Duncan grouping Mean N (°c)
On waste formula SRP6AP leached in BRIC
Alpha = 0.05 DF = 5 MSE = 2.0E-04
Harmonic mean of cell sizes = 3.42857-
A 0.076650 4 90
A 0.171767 3 40
On Waste formula SRP6AP leached in SIWd
Alpha = 0.05 DF = 11 MSE = 2.1E-04
Harmonic mean of cell sizes = 6.46154
A 0.032529 7 90
A
’ B 0.011850 6 40
©

AThis test controls error rates at different levels, depending on
the number of means between each pair being compared. 1Its operating
characteristics somewhat resemble those of Fisher's unprotected LSD
test.

bComposition given in Appendix A.

CBRI = salt brine.

dsIW = silica water.
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