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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 under elevated temperatures 
- and pressures (called FUETAP) aFe effFctive hosts for high- 
lever 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 ( 8 5  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 performance 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- 

Cement has also been widely utilized for the ject of several studies.l 

fixation of low- and intermediate-level radioactive wastes at power 

reactor plants for about three decades .2 

applied routinely at ORNL in the Hydrofracture Process for the fixation 

Cementitious grouts are 
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and permanent d i s p o s a l  of l o c a l l y  genera ted  i n t e r m e d i a t e - l e v e l  waste  

( I L W )  solutions.3’5 I n  t h i s  p rocess ,  l i q u i d  waste s t reams a r e  

n e u t r a l i z e d  and t h e  concen t r a t ed  supe rna te  is  blended wi th  a s p e c i a l l y  

t a i l o r e d  c e m e n t i t i o u s  d r y  mix. The r e s u l t i n g  g rou t  is then  forced  

underground by p r e s s u r e  i n t o  t h e  Conasauga s h a l e  format ion  under ly ing  

t h e  p l a n t .  The g rou t  s o l i d i f i e s  a f t e r  a few hour s ,  f i x i n g  t h e  r ad ioac -  

t i v i t y  and removing it  from man’s environment. Labora tory  s t u d i e s  have 

demonst ra ted  t h a t  t h e  l e a c h a b i l i t i e s  of cesium, s t r o n t i u m ,  and plutonium 

from t h e s e  g r o u t s  are of t h e  same orde r  as those  ob ta ined  f o r  b o r o s i l i -  

c a t e  g l a s s .  The r e s u l t s  sugges t  t h a t  s p e c i a l l y  t a i l o r e d  cement-based 

mixes should form a c c e p t a b l e  h o s t s  f o r  a wide v a r i e t y  of r a d i o a c t i v e  

wastes. 

Subsequent l a b o r a t o r y  s t u d i e s  confirmed t h a t  FUETAP c o n c r e t e s  o f f e r  

c o n s i d e r a b l e  promise as h o s t s  f o r  t h e  d i s p o s a l  of de fense  wastes, t r a n -  

suranium ( T R U )  was tes ,  and commercial h igh - l eve l  wastes  . 6  

Gouda,7 of Pennsylvania  S t a t e  U n i v e r s i t y ,  produced cements w i th ’  h igh  

s t r e n g t h  and low F r o s i t y  by us ing  c o n d i t i o n s  of h igh  tempera ture  (150 

t o  250°C) and p r e s s u r e  [2.5,000 t o  50,000 p s i  (172 t o  344 MPa)] f o r  0.5 

t o  2 h. They demonstrated t h a t  a c c e l e r a t i n g  t h e  c u r i n g  could r e s u l t  i n  

s u p e r i o r  cement p r o p e r t i e s .  On t h i s  b a s i s ,  an i n v e s t i g a t i o n  was  begun 

a t  ORNL t o  examine t h e  p o t e n t i a l  of forming c o n c r e t e s  under e l e v a t e d ,  

Roy and 

bu t  less s t r i n g e n t ,  t empera tures  and p res su res  than  t h e  prev ious  s tudy .  

Also,  c o n c r e t e s  c o n t a i n i n g  s p e c i f i c  a d d i t i v e s  t o  f i x  t h e  n u c l i d e s  were 

s t u d i e d ,  as  i n  t h e  cases  of g r o u t s  i n  h y d r o f r a c t u r e  and 1291 f i x a t i o n  i n  

barium i o d a t e  c o n c r e t e s  . 8 9 9  

mi ld  a u t o c l a v e  c o n d i t i o n s  a r e  needed t o  a c c e l e r a t e  t h e  c u r i n g  of 

Moore and co-workers determined t h a t  on ly  

c 

. 
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. 

t a i l o r e d  cements. R e s u l t s  of v a r i o u s  tes ts  showed t h a t  t r ea tmen t  a t  a 

t empera tu re  of 100°C and a p r e s s u r e  of 0.1 MPa f o r  24 h was  u s u a l l y  su f -  

f i c i e n t  t o  c u r e  FUETAF’ c o n c r e t e s  a t  a ra te  w i t h i n  r e a l i s t i c  r a d i o a c t i v e  

. .  

waste p r o c e s s i n g  requi rements  .6,10-13 

The FUETAF’ c o n c r e t e s  prepared by a c c e l e r a t e d  c u r i n g  under t h e s e  mild 

a u t o c l a v e  c o n d i t i o n s  have been found t o  be e f f e c t i v e  h o s t s  f o r  t r a n s -  

u r a n i c  and h igh - l eve l  de fense  and commercial r a d i o a c t i v e  wastes .10-16 

Some s p e c i f i c  examples of wastes  which have made accep tab le -  FUETAP prod- 

u c t s  are Nuclear Fuel Se rv ices  P lan t  wastes, Rocky F l a t s  s t a r t u p  by- 

p roduc t s ,  S lagging  P y r o l y s i s  I n c i n e r a t o r  f l y  a sh ,  Andco-Torrax munic ipa l  

waste f r i t ,  and SRP de fense  wastes. This  document summarizes t h e  FUETAP 

development program at  ORNL f o r  SRP defense  wastes. It d i s c u s s e s  t h e  

p r o c e s s i n g ,  l e a c h a b i l i t y ,  a lpha  r a d i o l y s i s ,  phase c h a r a c t e r i z a t i o n ,  

thermal  expans ion ,  impact s t r e n g t h ,  and p h y s i c a l  p r o p e r t i e s  of SRP con- 

c r e t e s  and r e p o r t s  t h e  s t a t u s  of FUETAP c o n c r e t e s  as h o s t s  f o r  r ad io -  

a c t i v e  was te s .  

2 .  SAMPLE PREPARATION 

The i n i t i a l  FUETAP fo rmula t ions  were based on h y d r o f r a c t u r e  g rou t  

mixes and were modif ied both  t o  accommodate p a r t i c u l a r  waste  s t ream 

c h e m i s t r i e s  and t o  reduce t h e  water  demand. Only pourable  mixes, -which 

r e q u i r e d  a small amount of v i b r a t i o n  t o  f i l l  molds uniformly and t o  

remove e n t r a i n e d  a i r ,  were s e l e c t e d  f o r  s tudy .  Specimens were c a s t  i n  

s i z e s  ranging  from 1 mL t o  75 L fo r  t h e  e v a l u a t i o n  of l each ing ,  compres- 

s i v e  s t r e n g t h ,  thermal  c o n d u c t i v i t y ,  p o r o s i t y ,  p e r m e a b i l i t y ,  d e n s i t y ,  

and dewater ing  k i n e t i c s .  
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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 wou1.d be found in SRP waste. Although SRP wastes 

contain a significant level of nonradioactive cesium, the additional 

ces.ium and strontium result in the final simulated, nonradioactive 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 compositions 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 Table 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. 
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Table  1. Reference  composi t ion of SRP waste s o l i d s a  

Component 
F r a c t i o n  of t o t a l  

(Wt XI 

Fe203 

*12O3 

Mn02 

Ce02 

~ d 2 0 3 b  

c aob 

N i O  

S i02  

Na20 

Na2S04 

SrOb 

Zeol it e c  

47.16 

9.24 

12.98 

2.13 

2.13 

2.51 

5.84 

1.12 

6.63 

1.21 

1.00 

8.05 

aMajor e lements  only.  
bModif i c a t  i on  of fo rmula t ion  i n  DP-1545 (by 

Stone et- a l . )  t o  a l low f o r  uranium s u b s t i t u t i o n  and 
i n c o r p o r a t i o n  of 1 wt X SrO as r eques t ed  by MCC. 

=The z e o l i t e  ( I o n s i v  IE-95) was loaded wi th  
cesium e q u i v a l e n t  t o  a Cs20 load ing  of 12.4 wt X so 
t h a t  t h e  f i n a l  waste s o l i d s  would c o n t a i n  1 wt X 
c es ium . 
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Table  2. . MCC-1 FUETAP mix f o r  s imula t ed  SRP waste 

Component 
F r a c t i o n  of t o t a l  

(wt XI 

Type I P o r t l a n d  cement 

F l y  ash 

SRP s imula t ed  waste s o l i d s  

Sand 

D-65 water r educe r  

22.0 

11 .o 

20.0 

27.75 

1.25 

Water 18.00 

maximize t h e  compressive s t r e n g t h  of t h e  r e s u l t i n g  s o l i d  and t o  i n c r e a s e  

s t r o n t i u m  r e t e n t i o n .  Data from o t h e r  c o n c r e t e  .work sugges t  t h a t  t h i s  

r a t i o  should a l s o  produce a more s t a b l e  s o l i d . 1 0  Sand was added t o  

improve t h e  thermal  c o n d u c t i v i t y  and t h e  s t r e n g t h  of t h e  c o n c r e t e .  The 

water r educe r  (D-65), a p r o p r i e t a r y  compound from t h e  Dowel1 D i v i s i o n  of 

Dow Chemical (Houston, Tex.) ,  was used t o  minimize t h e  amount of water  

r e q u i r e d  t o  m a i n t a i n  a pourable  g r o u t .  

Clays a r e  o f t e n  added t o  prevent  cesium migra t ion6  and t h e r e f o r e  

r educe  l each  rates. I n  our s tudy ,  t h e  z e o l i t e  p r e s e n t  i n  t h e  s imula t ed  

was te s  was assumed t o  s e r v e  as a cesium r e t a i n e r .  The fo rmula t ions  were 

kep t  as s imple  as p o s s i b l e ,  and c l a y s  were g e n e r a l l y  not added; however, 

p r e l i m i n a r y  tes ts  i n  which c l a y s  were added t o  t h e  fo rmula t ions  i n d i -  

c a t e d  t h a t  t h e y  reduce the  l each  rates (Sec t .  5 ) .  A set r e g u l a t o r  was 

added when it was needed t o  ensu re  a pourable  mix. 
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2.2 PROCESSING OF SRP WASTES 

A major advantage of FUETAP as a radioactive waste disposal alterna- 

tive is its ease of processing. As illustrated 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 1OO"C, molds are 

closed and brought to temperature via a 1.5-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 exposed. 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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O R N L - D W G  81-9507R4 

/--l.-- CEMENT, FLY ASH, 
, OTHER ADDlTlV 

WASTE 
0.1 - 1 

@ M I X  

UNBOUND 
WATER 

ES 

.5 

24-h PRESSURE 
'CURE 

@ CAP, C O O L  
AND STORE 

_________I 
@24-h O V E N  DRY 

Fig. 1. Generalized FUETAP flowsheet for SRP waste. . 
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ORNL DWG 83-(94 

WASTE CALCINES- 

CEMENT. FLY ASH. WASTE, 
SAND. AND OTHER ADDITIVES 

TRANSPORTING 
+WATER AND 

SET RETARDER 

RIBBON MIXER 
OFF-GAS 

HEAD END 
WASTE TANK 

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

F i g .  2 .  FUETAP flowsheet for Savannah River Plant site. 
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Table  3.  Resu l t s  of dewater ing  t h e  SRP FUETAP c o n c r e t e s  

- --- ----_.---._I_- 

Weight 
Temp. T i m e  l o s s  V o l a t i l e s  l o s t a  Water remaining 
("C) ( h )  (%)  ' ( X )  (wt %)b  

250 5 12.34 
24 13.08 
48 13.29 

400 5 14.91 
24 15.08 

67 
7 1  
7 2  

8 1  
8 2  

3.0 
2.2 
2.0c 

d 
d 

900 24 16.97 9 2  d 

a I n i t i a l  g rou t  made up t o  c o n t a i n  15 w t  % H20. Other  i n g r e d i e n t s  of 
t h e  m i x  normally l o s e  3.41% of t h e i r  t o t a l  weight on h e a t i n g  24 h at  
900°C. 

bpercen tages  are approximate.  
CRepresents  removal of a l l  unbound water,  as w e l l  as a s m a l l  amount 

dMass spec t romet ry  i n d i c a t e s  t h a t  decomposi t ion of h y d r a t e s ,  
o f  hydrate-water .  

n i t r a t e s ,  and ca rbona te s  occurs  at tempera tures  >400"C. - 
. 

s i n k ;  however, a f t e r  b lending  had proceeded t o  t h e  po in t  where an accep- 

t a b l e  product  could be made, t he  t r a n s f e r  boom would be moved t o  the  

normal p o s i t i o n  t o  d i scha rge  i n t o  c a n i s t e r s  p o s i t i o n e d  on a four -p lace  

l a z y  Susan. Eight  t o  t e n  hours  a f t e r  t h e  c a n i s t e r  had been f i l l e d ,  i t  

would be t r a n s f e r r e d  by c ranes  and a t r o l l e y  t o  t h e  cur ing-dewater ing  

c e l l .  Here t h e  c a n i s t e r  would be connected t o  a vacuum off -gas  t reat-  

ment mani fo ld ,  and t h e  connec t ions  would be t e s t e d  f o r  l e a k s .  A f t e r  t h e  

noncondensable gas had been removed, t he  vacuum off -gas  system would be 

tu rned  o f f  and t h e  conc re t e  would be cured by h e a t i n g  t h e  c a n i s t e r  a t  85 

t o  200°C f o r  12 t o  16 h. Then, t he  vacuum off -gas  system would be 

tu rned  on and t h e  tempera ture  inc reased  t o  250°C f o r  14 t o  18 h. 

. 
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Labora to ry  tests have confirmed t h a t  c u r i n g  and dewater ing  i n  30 h w i l l  

y i e l d  p roduc t s  wi th  e x c e l l e n t  mechanical p r o p e r t i e s  . 

T e s t s  were made t o  assess t h e  consequences of p o s s i b l e  abnormal 

p rocess ing  e v e n t s ,  such as a broken b l ende r  s h a f t  o r  a f rozen  t r a n s f e r  

boom, i n  t h e  proposed SRP f lowshee t .  Various amounts of s imula ted  waste 

were added t o  a f u l l  charge  of water, set r e g u l a t o r ,  and water reducer  

t o  de te rmine  t h e  minimum amount of s o l i d s  r e q u i r e d  f o r  accep tab le  phase 

s e p a r a t i o n  and set  t i m e .  The r e s u l t s  are shown i n  Table  4, where set  

t i m e  is  de f ined  as t h e  t i m e  r equ i r ed  f o r  t h e  mix t o  harden t o  such a 

deg ree  t h a t  it w i l l  not  f low from t h e  c o n t a i n e r  even under cons ide rab le  

impact f o r c e  ( e .g . ,  i f  it was  i nve r t ed  and dropped from a c r a n e ) .  Phase 

s e p a r a t i o n ,  occurs  when f r e e  water c o l l e c t s  on t h e  s u r f a c e  as a r e s u l t  of 

Table  4. Minimum s o l i d s  requi rements  f o r  phase s e p a r a t i o n  
and set  t i m e  f o r  MCC-1 specimens 

Volume Vo 1 ume 
S o l i d s  Phase o f  of  
added Se t  t i m e  s e p a r a t i o n a  l i q u i d  s o l i d s  
( X I  ( h )  ( X I  (cm3) ( 0 3 )  

25 

37.5 

50 

62 .5  

75 

87.5 

0 

0 

0 

43  117.0 155 .O 

31 91.0 200.0 

14 56.0 340.0 

0 <1 3.0 365.0 

<10 0 399.0 

4-10 0 412.0 

aFree  water c o l l e c t s  on t h e  s u r f a c e  as a r e s u l t  of mix s e g r e g a t i o n  
o r  g e l  sh r inkage .  
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mix s e g r e g a t i o n  o r  g e l  shr inkage .  These d a t a  show t h a t  no a u x i l i a r y  

a g i t a t i o n ,  backup t r a n s f e r  system, or e x t r a o r d i n a r y  o p e r a t i o n a l  proce- 

d u r e s  are r e q u i r e d  t o  d e a l  w i th  many abnormal e v e n t s .  

2 . 3  EFFECTS OF WASTE COMPOSITION AND CURING CONDITIONS 

The d i f f e r e n t  chemical  r e a c t i v i t i e s  and composi t ions  of t h e  v a r i o u s  

wastes t o  be inco rpora t ed  i n  c o n c r e t e  make changes i n  FUETAP formula- 

t i o n s  necessa ry  i n  o r d e r  t o  ensu re  a d e s i r a b l e  product ,  as d e s c r i b e d  i n  

S e c t .  2 .1 .  Waste p a r t i c l e  s i z e  a f f e c t s  t h e  rheology and most of t h e  

p h y s i c a l  p r o p e r t i e s  of t h e  FUETAP c o n c r e t e s ,  i n c l u d i n g  f i n a l  p o r o s i t y ,  

d e n s i t y ,  and thermal  c o n d u c t i v i t y .  The re fo re ,  waste load ing  depends on 

t h e  p a r t i c l e  s i z e  of t h e  waste s o l i d s .  Inc reased  waste load ings  wi thout  

t 

t h e  a p p r o p r i a t e  fo rmula t ion  changes w i l l  g e n e r a l l y  r e s u l t  i n  i nc reased  

mix v i s c o s i t y ,  poorer  compressive s t r e n g t h ,  and lower thermal  conduc- 

*. 

b- 

t i v i t y  i n  t h e  f i n a l  p roduct .  However, a l l  requi rements  f o r  an accept -  
* 

a b l e  product  can be m e t  by us ing  t h e  proper  combinat ion of a d d i t i v e s .  

Although major v a r i a t i o n s  i n  t h e  waste composi t ion have a profound 

i n f l u e n c e  on t h e  mix fo rmula t ion  and t h e  p h y s i c a l  p r o p e r t i e s  of t h e  

f i n a l  p roduct ,  minor v a r i a t i o n s  appear  t o  have l i t t l e  e f f e c t .  Th i s  

o b s e r v a t i o n ,  noted by Moore et a l .  i n  1971,6 is  confirmed by d a t a  pre- 

s e n t e d  i n  Sec t .  3. The phys ica l  p r o p e r t i e s  of t h e  RTETAP c o n c r e t e s  made 

from v a r i o u s  SRP wastes (Appendix A) are c o n s i s t e n t  and fo l low n o t i c e -  

a b l e  t r e n d s  wi th  changes i n  m i x  composi t ions .  

Above t h r e s h o l d  v a l u e s ,  t h e  phys ica l  p r o p e r t i e s  appear  t o  be inde- 
.. 

pendent of c u r i n g  tempera ture  and p r e s s u r e .  Mixes c o n t a i n i n g  s imula ted  

. 
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c 

SRP waste yielded solids with esser-tially the same physical characteris- 

tics when cured for 24 h at temperatures from 100 to 250°C and pressures 

from 0.1 to 4.1 W a  (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, samples were usually 

cured at the 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) (ma) (ma) [W/ (m* K) 1 

100 0.1 61 - 

100 0.6 62 1.00 

160 0.6 54 1.00 

250 4.1 58 1.05 

3 .  PHYSICAL PROPERTIES 

Ldboratory-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 supplement18 to this report; 

only a brief. summary is given here. Typical values for concretes con- 

taining 20 'w t  % 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 

Physical property 

~- - 

Value 

*. 

b' 

Dens it y , g/cm3 2 

Compressive strength, MPa 60-100 

Thermal conductivity , [W/ (me K) ] 1 

Porosity, % 22-26 

Permeability , darcy 6 x 10-5 
--- --- _I 

dewatered for 24 h at 250°C. The thermal conductivity is 1 W/(m*K); the 

density is 2 g/cm3, and the porosity ranges from 22 to 26%. 

meability is only -6 x 10-5 darcy (-6 x 10-17 m2), a fairly typical 

value for a normal dewatered concrete. 

The per- 

3.1 PERMEABILITY 

The permeabilities of the FUETAP concretes were determined from 

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 fluid was determined by applying the Klinkenberg 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 inf i- 

nite pressure. (At this intercept, the apparent permeability equals the 

permeability to any fluid.) Results showed that the permeability varied 

with the formulation and waste particle size, ranging from 1.0 x 10'6 to 
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1.0 x da rcy  for  most F'LJETAP c o n c r e t e s ,  and was d i r e c t l y  p ropor t iona l  

t o  t h e  waterJcement r a t i o .  

3 .2  POROSITY AND DENSITY 

P o r o s i t i e s  and d e n s i t i e s  were u s u a l l y  measured by immersing t h e  

vacuum-dried samples  i n  to luene  ( 2 5  mL) ;  however, a few mercury i n t r u -  

s i o n  measurements were made. In  the  to luene  immersion tes t s ,  samples 

were cu t  and ground t o  r i g h t - c i r c u l a r  c y l i n d e r s .  Measurements were made 

a t  m u l t i p l e  p o s i t i o n s  t o  determine p r e c i s i o n  of shape and t o  o b t a i n  

average  dimensions.  Samples were then d r i e d  for  at  least  16 h i n  a 

vacuum oven [-30 i n .  Hg (-20 Pa) ]  at  100°C, cooled i n  b o t t l e s  c o n t a i n i n g  

a d e s i c c a n t ,  and then weighed. From t h e s e  measurements,  va lues  were 

ob ta ined  f o r  t he  c y l i n d e r ' s  geometr ic  volume [Vgeo ( ~ m ) ~ ] ,  d ry  weight 

[Wdry ( g ) ] ,  and d e n s i t y  [p (g/cm3)] .  

Hg (-20 Pa) f o r  1 h and then submerged i n  t o l u e n e  f o r  a t  least  8 h i n  

Samples were evacuated a t  -30 i n .  

o r d e r  t o  achieve  s a t u r a t i o n .  Following t h i s  t r e a t m e n t ,  t h e  samples were 

weighed, s t i l l  submerged, t o  o b t a i n  Wsub. By Archimedes' p r i n c i p l e ,  t h e  

volume of t he  s o l i d ,  as determined by i t s  l i q u i d  d isp lacement ,  is 

Vs = (Wdry - Wsub)/pt, where p t  is the  d e n s i t y  of to luene .  P o r o s i t y  i s  

c 

c a l c u l a t e d  by: 

Vgeo - vs 
, or P ( X I  = 100 p =---- 

Vgeo 

The d e n s i t y  of the  c o n c r e t e  sample  f u l l y  s a t u r a t e d  with water is ca lcu-  

l a t e d  as f o ~ ~ o w s :  

of  the  s o l i d  (approximate ly  t h e o r e t i c a l )  can be determined from: 

P S  = Wdry/Vs = (WdryPt)/(Wdry - wsub). 

Psa t  = (Wdry + P Vgeo pwater)/Vge,, and the  d e n s i t y  

The g r e a t e s t  sources  of e r r o r  
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were i n  t h e  d ry ing  and s a t u r a t i o n  procedures .  Dimensions were reproduc- 

i b l e  t o  0.1 nun, or  -1%, whi le  weights  were a c c u r a t e  t o  >0.03%. Assuming 

t h a t  d ry ing  and s a t u r a t i o n  were c a r r i e d  t o  >95% comple t ion ,  t h e  o v e r a l l  

e s t i m a t e d  e r r o r  w a s  <2% i n  V, p ,  and W bu t  might be >30% i n  P. 

3.3 THERMAL CONDUCTIVITY 

A Dynatech TCFCM-20 compara t ive ,  thermal  c o n d u c t i v i t y  ana lyze r  was 

used t o  measure t h e  thermal  c o n d u c t i v i t i e s  of t h e  c e m e n t i t i o u s  s o l i d s .  19 

I n  t h i s  ins t rument  a s h o r t ,  r i g h t - c i r c u l a r  c y l i n d e r  2 i n .  OD and 0.5 t o  

1 .0  i n .  h igh  (5 .1  cm OD x 1.3-2.5 cm h i g h )  is  sandwiched between two 

Pyrex 7740 r e f e r e n c e  d i s k s  of t h e  same d iameter  (Fig.  3 ) .  Heat flows. 

from t h e  main h e a t e r  a t  t h e  t o p  of t he  s t a c k  t o  t h e  h e a t  s i n k  at t h e  

bottom. A second h e a t e r  is  used t o  c o n t r o l  t h e  tempera ture  a t  t h e  

bottom. Metal space r s  . a r e  placed between t h e  h e a t e r s  and t h e  r e f e r e n c e  

d i s k s  t o  e q u a l i z e  t h e  h e a t  f l u x  over t h e  h o r i z o n t a l  c r o s s  s e c t i o n  of t h e  

s t a c k .  A guard r i n g  sur rounding  t h e  s t a c k  is  main ta ined  a t  t h e  same 

t empera tu re  g r a d i e n t  as t h a t  e x i s t i n g  i n  t h e  s t a c k  t o  prevent  r a d i a l  

h e a t  l o s s .  

Temperatures  a r e  measured e i t h e r  by thermocouples embedded i n  

grooves i n  t h e  i n t e r f a c e  s u r f a c e s  of t h e  samples and r e f e r e n c e  m a t e r i a l s  

o r  by tempera ture-sens ing  d i s k s .  The l a t t e r  a r e  t h i n ,  c i r c u l a r  p l a t e s  

of n i c k e l  i n t o  which a r a d i a l  ho le  has been d r i l l e d  f o r  i n s e r t i o n  of a 

thermocouple .  Although the  former technique  is more a c c u r a t e ,  t h e  

a t t e n d a n t  sample p r e p a r a t i o n  is q u i t e  time-consuming; t h u s ,  t h e  

tempera ture-sens ing  d i s k s  a r e  used f o r  most s c r e e n i n g  measurements. 

i 

r. 
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A f t e r  t h e  r e q u i r e d  t empera tu res  have been measured, thermal  conduc t iv i -  

t i e s  a r e  c a l c u l a t e d  from t h e  equa t ion :  

where 

k = thermal  c o n d u c t i v i t y ,  W/(m*K); 

AT = t empera ture  d i f f e r e n t i a l ,  K; 

X = t h i c k n e s s ,  cm; 
* ,  

s , t , b  = s u b s c r i p t s  r e f e r r i n g  t o  t h e  sample, t op  r e f e r e n c e ,  and 

bot tom r e f e r e n c e  m a t e r i a l s  i n  t h e  t e s t  s t a c k ,  r e s p e c t i v e l y .  

Although t h i s  equa t ion  is  only  a p p l i c a b l e  i n  cases  where t h e  i n t e r f a c e  

a r e a s  a r e  equal  and t h e r e  i s  no r a d i a l  h e a t  f low, exper imenta l  r e s u l t s  

show t h a t  v a r i a t i o n s  i n  a r e a  of <12% would change the  resu l t s  by <3%. 

Table  7 compares FUETAP c o n c r e t e s  prepared from mixes MCC-1 and 

MCC-2. These d a t a  show the  advantages of minimizing t h e  water/cement 

r a t i o .  The lower l i m i t  of t h i s  r a t i o  i s  determined by t h e  p r o c e s s i b i l -  

i t y  or w o r k a b i l i t y  of t h e  mix. F igu res  4 through 9 show t r e n d s  i n  t h e  

Table  7 .  Comparisons of phys i ca l  p r o p e r t i e s  of 
FUETAP mixes MCC-1 and MCC-2 

Dry bulk Thermal Water/ 
FUETAP Por os i t  y d e n s i t y  c o n d u c t i v i t y  cement 

mix ( % I  (g/cm3) [ W/ (mo K) 1 r a t  i o  

~~ 

MCC-1 29.5 1.91 0.81 

MCC-2 26.9 1.94 0.95 0.75 
-_I-̂  Y ---.-I --_I_--- 



19 

2.0 

1.9 

1,8 

1.7 

1.6 

1.5 

O R N L  DWG 83-192 

a 
a 

1.4 

1.3 
0.5 0.6 0.7 0.8 0.9 1 a 0  1.1 

W A T E R  -TO-  C E M E N T  R A T I O  
Fig .  4 .  Density of SRP FUETAP concretes as a function of water/ 

cement rat i o .  



20 

ORNL DWG 83-193 

. .  W A T E R - T O - C E M E N T  R A T I O  
F i g .  5. Thermal conductivity of SRP FUETAP concretes as a function 

of waterlcement ratio. 



2 1  

O R N L  DWG 83-191 

5 0  

4 5  

n 

40 Y 

> 
I- 
cn 
0 

- 

0 35 
n 

30 I 

25  
0.5 0.6 0.7 0.8 0.9 1 .o 1.1 

W A T E R - T O - C E M E N T  R A T I O  
Fig. 6. Porosity of SRP FUETAP concretes as a function of water/ 

cement rat io. 



22 

rhl 
Y 0.9 
i 
Y 

2 - 0.8 
> 
I- 
> 
I- 
O 
3 

z 
0 
O 
J 

- .  
- 

n 

a z 
(r 
w 
I 
I- 

of 

ORNL DWG 83-190 

. . . . . - . - . - - . , ,.. '.......... ............. I 

I 1 I I I 
5 10 15 20 25 

SAND CONCENTRATION (70 1 

Fig. 7. Thermal conductivity of SRP FUETAP concretes 
sand concentration. 

1 
30 35 

as a function 

c 

. 



23 

2.0 

1.9 

1.8 

1.7 

1.6 

1.5 

1.4 

ORNL DWG 83-189 

1.3 1 1 1 I I 
0 5 I O  15 2 0  25  30 

SAND CONCENTRATION ( 75 ) 

Fig .  8. Dens i ty  of SRP FUETAP conc re t e  as a f u n c t i o n  of sand 
c o n c e n t r a t i o n .  



24 

.- 
ORNL DWG 83-188 

1 .o 

0.9 

0.8 

0.7 

0.6 

0.5 

0-4 

I I I I I 

- 

- 

- 

- - .  
1.3 1.4 1.5 1.6 1.7 1.8 

DENSITY ( g / c m 3 )  

1.9 2 .o 

Fig.  9 .  
dens i ty  . Thermal 'conductivity of SRP FUETAP concretes as a function 

e 



25 

phys ica l  p r o p e r t i e s  of SRP conc re t e s .  The d a t a  p o i n t s  tend t o  be s c a t -  

. 

t e r e d  because the  conc re t e s  conta ined  a v a r i e t y  of SRP waste s o l i d s  and 

waste  fo rmula t ions  which a f f e c t e d  the  phys ica l  p r o p e r t i e s  (Sec t .  2 . 3 ) .  

Although d i r e c t  c o r r e l a t i o n s  cannot be made from t h e s e  r e s u l t s  , t he  

gene ra l  t r e n d s  fo l low those  of FUETAP conc re t e s  con ta in ing  o t h e r  wastes  

on which more d e t a i l e d  s t u d i e s  have been made. The d e n s i t y  and the  

thermal  c o n d u c t i v i t y  dec rease  with i n c r e a s i n g  waterlcement r a t i o s ,  while 

t h e  p o r o s i t y  i n c r e a s e s .  Both the  thermal c o n d u c t i v i t y  and the  d e n s i t y  

i n c r e a s e  with sand c o n c e n t r a t i o n ,  which was kept  below 30 w t  % s i n c e  

l a r g e r  amounts reduce the  compressive s t r e n g t h s .  The thermal conduc- 

t i v i t y  is  d i r e c t l y  p r o p o r t i o n a l  t o  the  d e n s i t y .  

4 .  PHASE CHARACTERIZATION 

The o r d i n a r y ,  wet-method a n a l y t i c a l  r e s u l t s  f o r  a s o l i d i f i e d  FUETAP 

c o n c r e t e  (MCC-1) c o n t a i n i n g  20% s imula ted  waste a r e  shown i n  Table 8. 

S i l i c o n  was v o l a t i l i z e d  while the  sample was being prepared f o r  a n a l y s i s  

(due t o  f l u o r i d e  d i s s o l u t i o n )  and t h e r e f o r e  is  not included i n  the  l i s t .  

I n  a s e r i e s  of p re l imina ry  s t u d i e s  made by the  Metals and Ceramics 

Div i s ion  of ORNL, t h e  i n d i v i d u a l  phases of SRP FUETAP conc re t e  specimens 

were examined and c h a r a c t e r i z e d  us ing  o p t i c a l  microscopy, scanning 

e l e c t r o n  microscopy (SEM), and e l e c t r o n  microprobe a n a l y s i s .  Both f r ac -  

t u r e  s u r f a c e s  and pol i shed  s e c t i o n s  of MCC-1 FUETAP samples (1.5 cm 

diam) were examined i n  an at tempt  t o  c h a r a c t e r i z e  the  m a t e r i a l s .  

Samples  f o r  SEM o r  microprobe s tudy were mounted i n  epoxy, c a r e f u l l y  

p o l i s h e d ,  and coa ted  with a conduct ive l a y e r  of carbon or  gold p r i o r  t o  

examinat ion .  
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Table  8. Analys is  of SRP FLJETAP sample prepared 
wi th  MCC-1 mixa 

Element 
F r a c t i o n  of t o t a l  

(wt % >  

A 1  
Ba 
Ca 
Ce 
co  
C r  
cs 
Fe 
Gd 
K 
La 

Mn 
N a  
N i  
P 
S r  
T i  

Mg 

2.56 
0.02 

11.29 
0.34 
0.01 
0.01 
0. 13b 
8.22 
0.04 
0.23 
0.01 
0.44 
1.79 
0.87 
0.91 
0.03 
0.22c 
0.13 

- - 
a S i l i c o n  was v o l a t i l i z e d  du r ing  sample 

bCesium va lue  is  low because of sodium 

C S t r o n t  ium va lue  inc ludes  t h e  amount p re sen t  i n  

p r e p a r a t i o n .  

i n t e r f e r e n c e .  

t h e  cement and f l y  ash.  

Numerous phases were observed when a specimen was examined under an 

o p t i c a l  microscope us ing  p o l a r i z e d  l i g h t .  The l a r g e s t  phase (500 t o  

1000 pm) was  s i l i c a  from t h e  inc luded  sand. Small red  phases  (50 t o  300 

pm), probably  Fe2O3, were s c a t t e r e d  throughout  t h e  f i e l d  of view. A few 

m e t a l l i c  i n c l u s i o n s  (50 t o  150 pm) were a l s o  seen  and were l a t e r  con- 

f i rmed as  n i c k e l  by microprobe s t u d i e s .  
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. 

An energy d i s p e r s i v e  x-ray a n a l y z e r  (EDX) w a s  used i n  c o n j u n c t i o n  

w i t h  a SEM which used b a c k s c a t t e r e d  e l e c t r o n s  t o  r e v e a l  t h e  l o c a t i o n s  of 

ca lc ium,  s i l i c o n ,  aluminum, and i r o n  on t h e  s u r f a c e s  of MCC-1 samples. 

Calcium, s i l i c o n ,  and aluminum were evenly  d i s t r i b u t e d  over t h e  sur -  

faces, except  f o r  one l a r g e  sand g r a i n  (Si021 and many smaller s c a t t e r e d  

phases  of most ly  i r o n  oxides  (F igs .  10 through 13) .  The concerned ele- 

ments are shown as  l i g h t  areas i n  t h e  t o p  photograph (SEM) of t h e s e  

f i g u r e s .  As  many as n i n e  o r  t e n  phases have been d e t e c t e d  by us ing  t h e  

SEM i n  c o n j u n c t i o n  with t h e  EDX count ing  system. A SEM photograph and 

r e s u l t s  of EDX a n a l y s i s  of a t y p i c a l  sample are found i n  Fig.  14 and 

Table  9, r e s p e c t i v e l y .  

A t  p r e s e n t ,  we can only  make guesses  concerning t h e  i d e n t i t y  of t h e  

phases  i n  t h e  SRP FUETAP c o n c r e t e .  P r e l i m i n a r y  a n a l y s e s  have confirmed 

t h e  presence of g r a i n s  of q u a r t z  ( s a n d ) ,  Fe2O3, z e o l i t e ,  Gd2O3, and 

ca lc ium aluminum h y d r a t e .  Manganese and n i c k e l  were a l s o  p r e s e n t  i n  

d i s c r e t e  g r a i n s  t h a t  were d e f i c i e n t  i n  o t h e r  major components (Table  

10). The d i s c o v e r y  t h a t  both cesium and s t r o n t i u m  a r e  present  i n  

d i s c r e t e  phases  has  been of major importance i n  t h e s e  s t u d i e s .  Cesium 

i s  l o c a t e d  e i t h e r  i n  t h e  z e o l i t e  o r  i n  a cement phase with h igh  s i l i c o n  

and aluminum c o n c e n t r a t i o n s .  Stront ium has  only  been found i n  a phase 

r i c h  i n  manganese. 

It is ext remely  d i f f i c u l t  t o  i d e n t i f y  i n d i v i d u a l  cement phases 

w i t h i n  a hardened FUETAP sample because t h e  phases of cement grow 

t o g e t h e r  as they  h y d r a t e .  A f t e r  samples are cured a t  room tempera ture  

f o r  3 t o  6 months, t h e  phases are so in te rgrown t h a t  no s ingle-phase 
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Fig. 12. MCC-1 concrete with Caku EDX spot analysis. 
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Table 9. SEM/EDX e lementa l  ana lyses  of phases  i n  SRP FUETAP 
sample prepared wi th  MCC-1 m i x  

E l  emen t s 
Phase Major Minor 

A 

B 

C 

D 

E 

F 

H 

J 

K 

L 

M 

N 

0 

N i  

Fe 

Gd 

Mn 

A1 

Fe 

Ca 

Fe, Ca, S i ,  A1 

S i ,  Ca, Al 

Ca, S i ,  A1  

Ca, S i ,  Al, Fe 

Fe, C a  

Ca, S i ,  A l ,  Fe 

S i  

Ca, S i ,  A l ,  S, Fe 

Ca 

Ca, Co, S i ,  C r ( ? ) ,  A1 

Ca, S i ,  K, C r (? ) ,  Sr 

Ca, Fe 

Ca, S i ,  Al, 5, K 

S i ,  A l ,  Fe, S, Mg, K(?), T i  

N i ,  Mn, S 

Cs,  S, Na, K, Fe 

Fe, Mg, ‘S, T i  

S ,  K, T i ( ? )  

S i ,  S, A1 

T i ,  K, S,  Mn, Na 
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Table 10. Possible phases found in MCC-1 FUETAP concrete 
containing SRP-4 waste 

Phase . 
El emen t s 

Major Minor 

Zeolite Cs, Si, Al K, Ca, Ce, Fe 

Gd203 Ca, Fe, Gd Cr, Fe, Si, Al, S 

Fe203 Fe Ca, Si, Al, S 

Si02 (quartz- - sand') Si - 

Ni Ni - 

Mn (contains Sr) Mn Sr 

Cement phases : Ca, Si, Al, Fe S ,  K, Ti 

Si, Al, S ,  Fe 

Ca, Si, Al, Fe Mg, S, K, Ti 

Ca, K, Na, Cs 

(calcium aluminate hydrate) Ca, Al, Fe 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 C4AF could be identified in samples 

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

present in the very basic Ca(OH)2 solution at this point. As hydration 

of the cementitious phases proceeds, the movement of radionuclides might 

be monitored. 

*Cement-technology notation, where C = CaO, S = Si02, A = Al203,  
F = Fe2O3, and H = H20. 

. 



35 

. 
CEMENT 

\O 5 ' 30,,1 2 ' 6 ,  ~ i 2  ' 7  ' 28 '90 ,  

AGE: MINUTES HOURS DAYS 

DORMANT 
PERIOD SETTING - - I HARDEN I NG 

c 

/CSH TCSH /MONOSULFATE 

$ 6  

DRAWING FROM PORTLAND CEMENT PASTE AND CONCRETE 
: bv I. Soroka. , I  

F ig .  15. Individual phases of hardened cement as a function o t  
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5 .  LEACHABILITY 

The l e a c h a b i l i t y  of t h e  waste  form d u r i n g  i n t e r i m  s t o r a g e ,  t r a n s p o r -  

t a t i o n  t o  t h e  r e p o s i t o r y ,  and f i n a l  placement i n  t h e  r e p o s i t o r y  i n  t h e  

even t  of an aqueous i n t r u s i o n  a t  any of t h e  above p o i n t s  has  been con- 

s i d e r e d  t o  be a p r i n c i p a l  parameter  i n  SRP waste form s e l e c t i o n .  The 

l e a c h a b i l i t y  s t u d i e s  f o r  SRP FUETAP specimens were conducted under both  

s t a t i c  and d y n a m i c ' c o n d i t i o n s ,  u s ing  t h e  s t a n d a r d  Materials C h a r a c t e r i -  

z a t i o n  Center  MCC-1 s t a t i c  l e a c h  test20 and t h e  modi f ied  I n t e r n a t i o n a l  

Atomic Energy Agency (IAEA) l each  test ,21 r e s p e c t i v e l y .  D i s t i l l e d  water 

w a s  s e l e c t e d  as t h e  base  l i n e  f o r  t h e s e  s t u d i e s .  S tandard  MCC-1 s i l i c a  

water and b r i n e  l e a c h a n t s  were assumed t o  r e p r e s e n t  s o l u t i o n s  t h a t  might 

b e  encountered  i n  r e a l - l i f e  s i t u a t i o n s .  The l e a c h a b i l i t i e s  of t h e  i n d i -  

v i d u a l  r a d i o n u c l i d e s  have a complex i n t e r r e l a t i o n s h i p  between t h e  cement 

t y p e ,  s e t t i n g  p r o p e r t i e s ,  t h e  waste composi t ion ,  and t h e  i n c l u s i o n  of 

s p e c i f i c  f i x a t i v e s  such as c l a y s .  Various tests have been performed t o  

de t e rmine  t h e  e f f e c t s  of t h e s e  parameters  on l e a c h a b i l i t y .  The r e s u l t s  

of t h e s e  ,tests, which are p resen ted  i n  d e t a i l  i n  a supplement,18 are 

summarized i n  t h i s  s e c t i o n .  

I n i t i a l l y ,  c o n s e r v a t i v e  

IAEA l each  procedure ,  which 

- .  
,. 

l each  s t u d i e s  were made us ing  t h e  modi f ied  

exposes  t h e  specimens t o  f r e s h  l e a c h a n t s  

th roughout  t h e  t es t .  R e s u l t s  indi*cated t h a t  l each  rates (unnormalized)  

were on t h e  o r d e r  of - and - <lO-8 g / (cm2*d)  f o r  cesium, - 

* 

s t r o n t i u m ,  and plutonium, r e s p e c t i v e l y .  

. 
Typica l  v a l u e s  f o r  t h e  MCC-1 s t a t i c  l each  tests are g iven  i n  Table  

11. Most of t h e  l each  rates f o r  t h e  MCC-1 s t a t i c  tes ts  are r e p o r t e d  as 
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Table  11. Typ ica l  va lues  f o r  t h e  MCC-1 28-d l each  r a t e s  
'from SRP' FUETAP specimens i n  de ion ized  water  

Leach r a t e a  
Leachant [gi/(m'*d) I 

t empera ture  
Element ("C) Low High 

A1 90 1.6 5.7  

Csb 90 11.0 29.0 

Fe 90 0.002 0.016 

Mn 

Pu 

90 

25 

0.00096 0.027 

0.011 0.40 

S r  90 0.113 . 0.830 

ag; = reduced grams = grams of i t h  element d iv ided  by t h e  mass f r a c -  

bCesium loaded on the  z e o l i t e  I o n s i v  IE-95. 
t ion  of t h a t  element i n  t h e  waste.  

average  v a l u e s  and a r e  based on the  normalized o r  reduced m a s s  ( g i )  of 

t h e  specimen. These reduced leach  r a t e s  a r e  c a l c u l a t e d  by: 

W,* A; 

&* SA* d 
- - M i  

f i* SA* d 
L R i  = 9 

where 

L R i  = l each  r a t e  of element [ g i / ( m 2 * d ) ] ,  

M i  = mass of element i n  l e a c h a t e  ( g ) ,  

f i  = mass f r a c t i o n  of element i n  i n i t i a l  specimen, 

A i  = r a d i o a c t i v i t y  of i s o t o p e  i i n  l e a c h a t e  ( coun t s /min ) ,  

A, = r a d i o a c t i v i t y  of i so tope  i i n  i n i t i a l  specimen (counts /min) ,  

Wo = i n i t i a l  mass of specimen (g),  

SA = s u r f a c e  a r e a  of specimen (m2), and 

d = l e a c h i n g  time ( d ) .  
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S ince  t h e  pH of t y p i c a l  cement-based waste  h o s t  l e a c h a n t s  is  h igh  

(11.5 t o  12.51, t h e  s o l u b i l i t i e s  (and t h e r e f o r e  t h e  l e a c h a b i l i t i e s )  of 

a c t i n i d e s  in- s t a t i c  tests are ve ry  low - g i / ( m 2 * d ) ] .  The leach-  

a b i l i t i e s  of t h e  s h o r t - l i v e d  f i s s i o n  products  (cesium and s t r o n t i u m )  are 

c o n t r o l l e d  by t a i . l o r i n g  t h e  fo rmula t ion  of t h e  mix t o  t h e  s p e c i f i c  waste  

stream. The e f f e c t s  of s u b s t i t u t i n g  c l a y  f o r  sand (MCC-3 and MCC-4 

mixes)  are shown i n  Table  12. Clay a d d i t i v e s  reduce  t h e  i n i t i a l .  cesium 

washout by a f a c t o r  of 2. 

l e a c h  tests (Appendix B) showed a s i g n i f i c a n t  d i f f e r e n c e  i n  uranium con- 

A s t a t i s t i c a l  a n a l y s i s  of 70 uranium MCC-1 

c e n t r a t i o n s  i n  l e a c h a t e s  between waste  fo rmula t ions  c o n t a i n i n g  3.5% 

I n d i a n  red  p o t t e r y  c l a y  (MCC-6A mix) and those  c o n t a i n i n g  b e n t o n i t e  c l a y  

(MCC-6B mix) .  The Ind ian  red  c l a y  had a s i g n i f i c a n t l y  lower uranium 

l e a c h  ra te .  Add i t iona l  t e s t s  were made t o  de te rmine  t h e  e f f e c t s  of 

cement type  (Table  13 and Fig .  16) .  The d a t a  from t h e s e  tes ts  conf i rm 

t h a t  t h e  FUETAP p rocess  y i e l d s  a c c e p t a b l e  product  wi th  any of t h e  t h r e e ,  

r e a d i l y  a v a i l a b l e  commercial cements. The dependence of l e a c h a b i l i t y  on 

l e a c h a n t  and l e a c h i n g  tempera ture  is  shown i n  Table  14. Only t h e  

l e a c h i n g  of s t r o n t i u m  i n t o  s i l i c a  water  shows a s t a t i s t i c a l l y  s i g n i f i -  

c a n t  d i f f e r e n c e  f o r  t h e  t empera tu res  of 40 and 90°C. The r e f e r e n c e  

was te  composi t ion  f o r  Tables  12 and 13 is SRP-4, while t h a t  f o r  Table  14 

i s  SRP-6 (Table  A . 2 ,  Appendix A ) .  The l a t t e r  waste  r e q u i r e d  a l a r g e r  

amount of water t o  produce a p r o c e s s i b l e  mix and y i e l d e d  a f i n a l  product  

wi th  50% g r e a t e r  p o r o s i t y  than  t h e  former was te .  As  a r e s u l t ,  t h e  

cesium washouts from t h e  SRP-6 waste form were h i g h e r  ( f o u r  t o  f i v e  

t i m e s ) ;  t h e r e f o r e ,  t h e  28-d l each  r a t e s  f o r  cesium a r e  h i g h e r  i n  Table  

14 than  i n  Table  12. 
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Table  12. E f f e c t s  of Ind ian  red p o t t e r y  and b e n t o n i t e  c l a y  a d d i t i v e s  
on t h e  leach  rate of cesium from FUETAP conc re t e s  

Cesium MCC-1 l each  ratesa a t  90°C [g i / (m2*d) ]  

DIW leachantb  SIW leachan tC  
Leach 
t i m e  MCC-3 MCC-4 MCC- 1 MCC-3 MCC-4 MCC-1 

( d )  mixd mixe mix f mixd mixe m i x  f 

3 85 97 150 89 63 99 

7 44 53  81 50 30 52 

14 27 35 44 25 19 35 

ag; = reduced grams = grams of i t h  element d iv ided  by the  mass f r ac -  

b D I W  = d i s t i l l e d  water. 
cSIW = s i l i c a  water. 
d7.0 w t  % Ind ian  red c l a y  s u b s t i t u t e d  f o r  sand.  
e3.5 w t  % Ind ian  red c l a y  p lus  b e n t o n i t e  c l a y  s u b s t i t u t e d  f o r  sand. 
fNo c l a y  added t o  mix. 

t i o n  of t h e  i t h  element i n  the  waste. 

Table  13. E f f e c t  of cement type  on-MCC-1 28-d l each  ra tes  from 
FUETAP specimens i n  de ion ized  water 

28-d MCC-1 l each  ratesa at  90°C [g i / (m2*d>]  

Cement type  A1 Fe Mn Sr  

Type I Por t l and  3.31 0.0041 0.00096 0.43 

Type I S  s l a g  1.57 0.0020 0.0234 0.39 

Fondu 
( h i g h  alumina)  5.67 0.0091 0.0152 - 0.83 

50% Type I + 
50% Fondu 4.11 0.0159 0.0268 0.11 

a g i  = reduced grams = grams of i t h  element d i v i d e d  by the  mass f r ac -  
t i o n  of t he  i t h  element i n  the  waste. 
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Table  14. E f f e c t  of temperaturea on l each  ratesb from MCC-6A FUETAP specimensc 

Temperature 
Leachant ("C) cs S r  U C e  Nd 

D i s t i l l e d  water  
(DIW) 90 4 8 5  7 

S i  1 i c  a water 
(SIW) 40 46 f 3 

90 3 7 +  3 

S a l t  b r i n e  
(BRI )  40 59 5 12 

90 5 3 2  5 

0.27 * 0.02 0.035 5 0.008 0.11 + 0.02 <o. 1 

1.3 + 0.1 0.007 * 0.003 0.02 + 0.02 <o. 1 

0.30 f 0.01 0.02 * 0.01 0.02 * 0.01 <o. 1 

17 f 6 0.06 f 0.01 <o. 1 1.0 2 0.5 

23 * 5 0.06 5 0.01 <o. 1 0.6 f 0.2 

a28-d MCC-1 l each  test a t  40 and a t  90°C. 
bLeach r a t e s  i n  g;/(m2*d), where g i  = reduced grams = g of i t h  element d iv ided  by t h e  m a s s  

cPlus '  and minus va lues  are one s t anda rd  d e v i a t i o n .  
f r a c t i o n  of the  i t h  element i n  the  waste. 
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R e s u l t s  of r e c e n t  t e s t s  have shown t h a t  i n c r e a s i n g  t h e  c a l c i n i n g  and 

c u r i n g  tempera tures  can reduce t h e  i n i t i a l  cesium washout.  The SRP 

waste s o l i d s  would normally be c a l c i n e d  at 600°C b e f o r e  be ing  mixed wi th  

c o n c r e t e  a d d i t i v e s  i n  the f i r s t  s t e p  of F ig .  1. Mild c u r i n g  tempera- 

t u r e s  and p r e s s u r e s  (lOO"C, 0.1 m a )  were used f o r  most tes ts  s i n c e  t h e  

p h y s i c a l  p r o p e r t i e s  of F'LJETAP conc re t e s  are not improved by i n c r e a s i n g  

t h e  c u r i n g  t i m e ,  t empera ture ,  o r  p re s su re  (Sec t .  2 .3) .  The d a t a  i n  

Table  15 show t h a t  i n c r e a s i n g  the  waste  s o l i d s  c a l c i n i n g  tempera ture  t o  

900°C and t h e  c o n c r e t e  cu r ing  tempera ture  t o  200°C would s i g n i f i c a n t l y  

lower t h e  i n i t i a l  cesium washout and would thus  reduce t h e  leach  ra tes .  

Table  15. I n i t i a l  cesium release from SRP FUETAP specimensa 
a f t e r  3-d leach  with de ionized  water a t  90°C 

Curing Cesium release (pg/cm2) a t  c a l c i n i n g  tempera ture  of 
-- ------ t empera tu re  

("C) 600" C 900°C 

85 21 9 

100 

20 

19 

1 7  

13 

18 1 2  

200 6 4 

- 7 

-- I-- --111 -- 
aCesium loaded on t h e  z e o l i t e  Ions iv  IE-95. 
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The MCC-1 s t anda rd  leach  t e s t 2 0  is a s t a t i c  system. A s  such,  t h e  

l e a c h a t e  c o n c e n t r a t i o n s  approach and e v e n t u a l l y  achieve  s a t u r a t i o n .  The 

MCC-1 procedure r e q u i r e s  t h a t  a l l  " leach rates" be r e p o r t e d  a t  an 

a r b i t r a r y  l each  t i m e  of 28 d.  The re fo re ,  t h e  MCC-1 28-d " leach-rate"  

v a l u e s  may on ly  r e p r e s e n t  s a t u r a t e d  l e a c h a t e  c o n c e n t r a t i o n s  d iv ided  by 

28 d.  This  i s  c l e a r l y  i n d i c a t e d  i n  Table 14, where t h e  c o n c e n t r a t i o n s  

of  uranium, cer ium, and neodymium i n  t h e  l e a c h a t e s  were cons t an t  

throughout  t h e  3-, 7-,  14-, and 28-day t e s t s .  The s t a t i s t i c a l  a n a l y s i s  

o f  t h e  r e s u l t s  from 70 uranium MCC-1 l each  t e s t s  (Appendix B)  a l s o  shows 

t h a t  t h e  uranium c o n c e n t r a t i o n s  have no s i g n i f i c a n t  time-dependence i n  

t h e s e  t es t s .  Furthermore,  t h e r e  w a s  no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f -  

f e r e n c e  i n  uranium s o l u b i l i t y  between de ion ized  water and s i l i c a  water 

l e a c h a n t s ;  however, b r i n e  ho lds  more uranium i n  s o l u t i o n .  Uranium so lu-  

b i l i t y  w a s  s t a t i s t i c a l l y  t h e  same a t  40 and 90°C i n  t h e  b r i n e ,  but  

showed a s i g n i f i c a n t  i n c r e a s e  with tempera ture  i n  t h e  s i l i c a  water. 

The MCC-1 procedures  provide  f o r  measurement of " leach rates" by 

a p l o t  of normalized e lementa l  mass l o s s e s  vs t i m e .  The normalized 

e l emen ta l  mass lo s s  is:  
H i  

(NL); = - f i -SA ' 

where 

(NL); = normalized e lementa l  m a s s  loss  (g/m2>,  

M i  = mass of element i i n  t h e  l e a c h a t e  ( g ) ,  

f i  = mass f r a c t i o n  of element i i n  t h e  unleached specimen, 

SA = geometr ic  s u r f a c e  area of t h e  specimen c a l c u l a t e d  by us ing  

o v e r a l l  dimensions (m2). 
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I f  t h e r e  i s  no i n i t i a l  wash-off, t h e s e  p l o t s  w i l l  go through t h e  o r i g i n .  

The MCC-1 sample p r e p a r a t i o n  procedures  a l low c u t t i n g ,  p o l i s h i n g ,  and 

u l t r a s o n i c  washing i n  o rde r  t o  e l i m i n a t e  wash-off from t h e  s u r f a c e s  of 

g l a s s  and o t h e r  nonporous waste h o s t s .  I n  t h e  c a s e  of c o n c r e t e s ,  t h e s e  

procedures  may a c t u a l l y  i n c r e a s e  t h e  . i n i t i a l  wash-of f .  

F i g u r e s  17 and 18 i l l u s t r a t e  t he  e f f e c t s  of i n i t i a l  wash-off on 

r e p o r t e d  MCC-1 l each  r a t e s  f o r  s t r o n t i u m  and cesium, r e s p e c t i v e l y ,  from 

MCC-1 FUETAP c o n c r e t e  a t  90°C. Cesium has  a much h i g h e r  i n i t i a l  wash- 

o f f ,  which can be s u b s t a n t i a l l y  reduced by i n c r e a s i n g  t h e  c a l c i n a t i o n  

and c u r i n g  tempera tures  o r  by the  a d d i t i o n  of c l a y s  as desc r ibed  above. 

When t h e s e  sho r t - t e rm leach  r a t e  d a t a  are r epor t ed  as s p e c i f i e d  i n  t h e  

MCC-1 t e s t i n g  procedure ,  t he  r e s u l t s  are b i a s e d  by t h e  i n i t i a l  wash- 

I n - t h e  MCC-1 procedure the  s i z e  and shape of t h e  s o l i d  t e s t  specimen 

are not cons ide red  c r i t i c a l  and are l e f t  t o  t h e  u s e r ' s  cho ice .  

The re fo re ,  an u n s p e c i f i e d  assumption t h a t  t h e  t e s t  specimen is t o  be 

t r e a t e d  as a s e m i - i n f i n i t e  s o l i d  i s  impl ied .  In  t h e  c a s e  of d i f f u s i o n -  

c o n t r o l l e d  l e a c h i n g ,  l a b o r a t o r y  r e s u l t s  can be s c a l e d  t o  l a r g e r  mono- 

l i t h s  by us ing  the  t e s t  specimen's  sur face /volume r a t i o  ( S A / V ) .  The 

d a t a  presented  h e r e  involved test  specimens with S A / V  r a t i o s  of -7, 

whi le  eng inee r ing - sca l e  waste forms have a SA/V of <0.1. The re fo re ,  55- 

g a l  monol i ths  would have f r a c t i o n a l  release r a t e s  t h a t  are smaller ,  by a 

f a c t o r  >70, than  those  presented  he re .  Our r e s u l t s  i n d i c a t e  t h a t  t h e  

MCC-1 s t a t i c  leach  procedures  g ive  no i n s i g h t  i n t o  t h e  long-term leach-  

ing  behavior  of l a rge - sca l e  c o n c r e t e  b locks .  21 , 23 
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Fig.  18. E f f e c t s  of c l a y  a d d i t i v e s  on cesium l each  r a t e s  from 

FUETAP c o n c r e t e  (MCC-1) i n  de ionized  water a t  90°C. 
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6 .  THERMAL STABILITY 

Thermal s t u d i e s  were made t o  de te rmine  t h e  e f f e c t s  of i nc reased  t e m -  

p e r a t u r e  on FUETAP c o n c r e t e  specimens du r ing  t r a n s p o r t a t i o n  and du r ing  

s t o r a g e  i n  an approved f a c i l i t y .  The e f f e c t s  of f i r e  were examined 

assuming t h a t  t he  maximum tempera ture  exper ienced  by the  waste s o l i d  

would be 800°C. Resu l t s  of t he  thermal  s t a b i l i t y  s t u d i e s  demonstrated 

t h a t  prolonged h e a t i n g  0 2  y e a r s )  of s imple c o n c r e t e s  a t  t he  expected 

o p e r a t i n g  tempera ture  of a waste  s t o r a g e  f a c i l i t y  (100°C) produced on ly  

minor changes i n  compressive s t r e n g t h s .  Also,  concre te -s ludge  samples 

showed no lo s s  of mechanical i n t e g r i t y  a f t e r  prolonged h e a t i n g  at  

4OOOC.24 

specimens have an -1 .4  w t  % loss  and a 10% r e d u c t i o n  i n  compressive 

Resu l t s  of ORNL s t u d i e s  performed at  250°C show t h a t  FUETAP 

s t r e n g t h  du r ing  t h e  f i r s t  month but  no s i g n i f i c a n t  change a f t e r  t h a t .  

In shor t - te rm h e a t i n g  tes t s ,  t h e  FUETAP c o n c r e t e  specimens were 

found t o  be the rma l ly  s t a b l e  up t o  9OO0C, t h e  maximum tempera ture  used 

i n  t h e  l a b o r a t o r y  s t u d i e s .  Af t e r  24 h at  900"C, they  conta ined  only  

-1 w t  % water and had a volume reduc t ion  of -1.7%. Although a few h a i r -  

l i n e  f r a c t u r e s  were e v i d e n t ,  t he  specimens had adequate  compressive 

s t r e n g t h s  (-20 MPa). 

Thermal expansion measurements were made t o  de te rmine  the  thermal  

expansion c o e f f i c i e n t  us ing  a series of samples,  each of which w a s  

approximate ly  15 mm i n  d iameter  by 31 mm long.  These samples,  which 

were prepared by us ing  the  MCC-1 fo rmula t ion  with SRP-4 waste  s o l i d s ,  

were cured and dewatered by the  s t anda rd  FUETAP method (100°C - c u r e ;  

250°C - dewater ;  24 h each) .  
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A Harrop thermal  d i l a t e m e t r i c  ana lyze r  (Model TD-712) connected t o  a 

Harrop d i f f e r e n t i a l  thermal  ana lyze r  (Model TA-700) was used t o  perform 

and record  t h e  thermal  expansion experiments .  The system w a s  c a l i b r a t e d  

a t  t h e  h e a t i n g  r a t e  of 4°C per minute us ing  a 2.00-in. alumina s t anda rd .  

The r e c o r d e r  is  c a l i b r a t e d  t o  p l o t  thermal  expansion as a percent  of t h e  

i n i t i a l  l e n g t h  vs sample tempera ture .  

The sample w a s  subsequent ly  placed i n  t h e  thermal  d i l a t e m e t r i c  

a n a l y z e r ,  where it was hea ted  a t  t h e  ra te  of 4°C per minute  t o  800"C, 

h e l d  a t  800°C f o r  - 5  min, and then  r e tu rned  t o  room tempera ture  a t  t h e  

r a t e  of 4°C per minute .  

F igu re  19 shows a t y p i c a l  expansion curve  f o r  a F'UETAP sample 

prepared  from MCC-1 mix and SRP-4 waste. During t h e  h e a t i n g  c y c l e ,  t h e  

l e n g t h  of t he  sample inc reased  almost l i n e a r l y  up t o  -0 .2% a t  400°C and 

then  cont inued  t o  i n c r e a s e  g r a d u a l l y  up t o  -580°C. This expansion w a s  

caused by t h e  t r a n s i t i o n  from a lpha  t o  b e t a  q u a r t z  i n  t h e  sand 

aggrega te .  The sample l eng th  remained f a i r l y  c o n s t a n t  between 600 and 

700°C, a f t e r  which it began t o  s h r i n k  r a p i d l y .  A t  800°C, t h e  sample 

expans ion  w a s  --0.7%. Upon coo l ing ,  t h e  s a m p l e  shrank l i n e a r l y  u n t i l  a 

s h a r p  drop occurred  a t  -580"C, caused by t h e  r e v e r s i b l e  t r a n s i t i o n  from 

b e t a  t o  a lpha  q u a r t z .  A t  room tempera ture ,  t h e  f i n a l  sample l e n g t h  w a s  

1 . 7 %  less than  t h e  o r i g i n a l  l eng th .  

TJsing the  expansion curve i n  Fig.  19, t h e  average va lue  of t h e  

l i n e a r  thermal  expansion c o e f f i c i e n t  was found t o  be 4.7 x 10-6/oC 

between 20 and 400"C, which is  approximately h a l f  t h a t  o f , m o s t  H L W  

g l a s s e s  and ha rd - ro l l ed  s t ee l .  The t r a n s i t i o n  between a lpha  and b e t a  
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q u a r t z  at  580°C r e s u l t e d  i n  a maximum expansion i n  l e n g t h  of 0.65%. The 

FUETAP c o n c r e t e  expanded a maximum of 2.0 vol  % a t  580°C and then  began 

t o  s h r i n k  at  700°C. A t  800"C, t h e  volume was approximate ly  2.2% less 

t h a n  t h e  i n i t i a l  va lue .  The ne t  volume change a f t e r  c o o l i n g  w a s  -5%, 

and t h e  f i n a l  weight loss w a s  --8%. The compressive s t r e n g t h  remained 

a t  20 MPa. The gases  produced du r ing  t h e  h e a t i n g  c y c l e  are water and 

carbon d i o x i d e ,  p r i m a r i l y  from t h e  decomposi t ion of Ca(OH)2 and C a C 0 3 ,  

which are by-products of cement hydra t ion .  

7.  RADIATION STABILITY 

The r a d i o l y s i s  of cement-pore water and the  p o t e n t i a l  p r e s s u r i z a t i o n  

o f  waste c a n i s t e r s  due t o  an accumulat ion of t h e  r a d i o l y t i c a l l y  pro- 

duced gases  have been i d e n t i f i e d  as major concerns f o r  r a d i o a c t i v e  waste 

h o s t s .  By l i n e a r  e x t r a p o l a t i o n  of shor t - te rm experiments  (<5  months) ,  

B ib le r25  e s t ima ted  t h a t  a gas  bu i ldup  t o  -100 a t m  (10 MPa) could occur  

a f t e r  100,000 yea r s  i n  a s t anda rd  c a n i s t e r  con ta in ing  a lpha  waste. 

Long-term r a d i o l y s i s  s t u d i e s  0 5 0 0  d)  made a t  ORNL show t h a t  t h e  gas  

g e n e r a t i o n  ra te  does not remain l i n e a r  with t i m e .  Each of t he  gas 

generat ion-vs- t ime p l o t s  has  a s t e e p ,  i n i t i a l l y  l i n e a r  p o r t i o n  ( seen  by 

B i b l e r )  and then  l e v e l s  o f f .  These longer-term s t u d i e s  demonst ra te  t h a t  

B i b l e r  ' s  model g r o s s l y  o v e r e s t i m a t e s  t h e  long-term p r e s s u r e  and t h a t  

r a d i o l y s i s  of c o n c r e t e s  i s  not a s e r i o u s  problem and does not l i m i t  

t h e i r  a p p l i c a t i o n  t o  radwaste  management. 

\ 

The r a d i o l y s i s  of c o n c r e t e  is  dependent on the  amount of unbound o r  
t 

f r e e  water p re sen t  i n  t h e  system. The re fo re ,  removal of a l l  o r  most of 
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t h i s  water  w i l l  g r e a t l y  reduce or e l i m i n a t e  t h e  gaseous r a d i o l y s i s  

p roduc t s .  Unbound water i s  removed from t h e  FUETAP c o n c r e t e s  du r ing  t h e  

a u t o c l a v e  c u r i n g  s t e p  ( S e c t .  2 ) .  R e s u l t s  of l a b o r a t o r y  s t u d i e s  have 

demonst ra ted  t h a t  t h e  dewatered c o n c r e t e s  c o n t a i n  only  2 w t  % water, 

which is chemica l ly  bound i n  t h e  cement 's  hydrat. ion p roduc t s .  Regard less  

of t h e  p roduc t ion  ra te ,  however, p r e s s u r i z a t i o n  from t h e  accumulat ion of 

hydrogen and oxygen is  avoided when s u f f i c i e n t  recombina t ion  of t h e s e  

gases  occurs  du r ing  t h e i r  gene ra t ion .  Tests have been made on undewa- 

t e r e d  and dewatered F'UETAP samples t o  de te rmine  both  t h e  long-term (2- 

t o  4-year) a l p h a - r a d i o l y s i s  gas g e n e r a t i o n  and t h e  e f f e c t i v e n e s s  of 

FUETAP c o n c r e t e  as a recombinat ion c a t a l y s t  f o r  hydrogen and oxygen. 

The r e s u l t s ,  which a r e  d e t a i l e d  i n  a supplement , l9  a r e  summarized i n  

t h i s  s e c t i o n .  

I n  t h e  long-term (>500-d) r a d i o l y s i s  exper iments  performed a t  25 t o  

30°C, we used 10-cm3 s t e e l  capsu le s  c o n t a i n i n g  F'UETAP c o n c r e t e  specimens 

(1 .5  cm diam x 3.5 cm long;  6.2 cm3; 

wi th  4.5 mg ( t e s t s  1 through 3 ) ,  0.5 

( t e s t  6) of curium-244 (12.3 mg/Ci). 

8.2 g of s o l i d s )  which were sp iked  

mg ( t e s t s  4 and 51, and 1.5 mg 

Each test  day w a s  e q u i v a l e n t  t o  

300, 30, and 100 y e a r s ,  r e s p e c t i v e l y ,  i n  t h e  l i f e  of a r e a l  waste  drum 

(based on an e s t ima ted  a lpha  dose of 6 r a d / h  f o r  SRP was te ) .  The dead 

volume (-5.8 cm3) of each test c e l l  was  measured by expanding a known 

volume and p r e s s u r e  of argon i n t o  t h e s e  tes t  c a p s u l e s .  

The r e s u l t s  of t h e s e  experiments  show t h a t  t h e  p r e s s u r e  i n c r e a s e s  do 

not remain l i n e a r  with t i m e  and t h a t  t h e  e q u i l i b r i u m  p r e s s u r e s  a r e  

dependent on both dose r a t e  and tempera ture .  Tests performed f o r  
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p e r i o d s  as long as  400 d a t  5.6 x 105 r ad /h  showed t h a t  t h e  drum Pres-  

s u r e  would l e v e l  o f f  at 30 p s i g  a f t e r  a dose of 55,000 dose-equiva len t  

y e a r s .  Table  16 summarizes t h e  - r a d i o l y s i s  gas g e n e r a t i o n  d a t a .  The 

t o t a l  gas (molecules/lOO eV) v a l u e s  were t aken  from t h e  averages  of t h e  

i n i t i a l  l i n e a r  s l o p e s  of t h e  p r e s s u r e  rises and a r e  v e r y  c o n s e r v a t i v e  

o v e r e s t i m a t e s  of t h e  long-term gas g e n e r a t i o n .  These t o t a l  gas va lues  

a r e  o n e - f i f t h  t o  one - th i rd  of B i b l e r ' s  e s t i m a t e d  v a l u e s  .26 

Table  16. R e s u l t s  of FUETAP a l p h a - r a d i o l y s i s  t e s t s  wi th  244Cm 

Cond i t ions  

dewa te r ing  Dose r a t e  (molecules /  (dose-equiva len t  
f o r  T o t a l  gasa Average range 

T e s t  (250°C, 24 h )  ( r a d / h )  100 ev)  y e a r s  )b 

1 No 5.6 105 0.095 - + 0.005C 300-15,000 

Yes 5.6 105 0.006 - + 0.002 2,000-50,000 2 

3 Yes 5.6 105 0.005 - + 0.002 300-50,000 

4 Yes 6.3 104 0.001 - + 0.0008 7,000-16,000 

5 Yes 6 .3  104 0.002 - + 0.001 1,500-7,500 

6 Yes 1.9  105 0.008 - + 0.005 2,700-10,000 

aTaken from t h e  i n i t i a l  l i n e a r  p o r t i o n  of t h e  p l o t  showing p r e s s u r e  

bBased on an e s t i m a t e d  a lpha  dose  of 6 r a d / h  f o r  SRP FUETAP 

CSt'andard d e v i a t i o n .  

r i s e  wi th  time. 

formulas .  

F igu re  20 p r e s e n t s  t h e  e s t i m a t e s  of gas p r e s s u r i z a t i o n  f o r  unde- 

watered '  and dewatered FUETAP ( t e s t s  1 tlirough 3) c o n c r e t e s  i n  a 200-L 

drum f i l l e d  t o  90% c a p a c i t y .  These d a t a  show t h a t  t h e  f i r s t  1000 

.- 

t 

e q u i v a l e n t  yea r s  of a c c e l e r a t e d  dose  t o  undewatered' FUETAP c o n c r e t e  
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r e s u l t s  i n  a drum p r e s s u r e  of 14.6 p s i g  i n  t h e  undewatered c a s e  and 

n e g l i g i b l e  p r e s s u r e s  i n  t h e  dewatered c a s e s .  Fur thermore ,  t h i s  s m a l l  

r a d i o l y t i c  gas p roduc t ion  is dose dependent and i s  expec ted  t o  be lower 

f o r  real was te .  

a c i d  s o l u t i o n ,  r e s u l t i n g  i n  a homogeneous curium d i s t r i b u t i o n .  However, 

real  waste has  most of i t s  a lpha  a c t i v i t y  bound i n  l a r g e  agglomera tes  

which reduce t h e  a c t u a l  a lpha  dose t o  t h e  cement by a f a c t o r  of 100 v i a  

s e l f - a b s o r p t i o n .  Also,  t h e  use of s m a l l  specimens r e s u l t s  i n  a loss of 

t h e  recombina t ion  e f f e c t s  because t h e i r  d i f f u s i o n  pa ths  a r e  u n r e a l i s t i -  

c a l l y  s h o r t .  Depending on t h e  tes t  geometry and t h e  s p i k i n g  procedure ,  

d a t a  from tes ts  such as  t h e s e  may o v e r e s t i m a t e  t h e  a c t u a l  r a d i o l y s i s  by 

f a c t o r s  between 3 and 1000. 

Test specimens were sp iked  wi th  244Cm from a n i t r i c  

F igu re  21 summarizes the  pressure-vs- t ime d a t a  f o r  an undewatered 

FUETAP ( t e s t  1 ) .  These r e s u l t s  d i sp rove  t h e  e f f i c a c y  of t h e  l i n e a r  

e x t r a p o l a t i o n  of t h e  a l p h a - r a d i o l y s i s  gas gene ra t  i on  d a t a  taken  from 

shor t - t e rm (<200-d) t e s t s .  Also,  they  show t h a t  t h e  r ecove ry  of t h e  

p r e s s u r e  a f t e r  gas sampling a t  day 500 is  approximate ly  supe r impos ib l e  

on t h e  i n i t i a l  r i s e  from 90 t o  130 ps ig .  No s i g n i f i c a n t  change i n  t h e  

r a d i o l y s i s  c h a r a c t e r  a f t e r  150,000 e q u i v a l e n t  yea r s  of exposure is  

n o t i c e a b l e .  The r a t e  of t h e  recombina t ion  r e a c t i o n  appears  t o  ba l ance  

t h e  r a d i o l y s i s  ra te ,  producing a maximum p r e s s u r e  l i m i t .  Such i n f o r -  

mat ion  i n d i c a t e s  t h a t  measurements of r a d i o l y s i s  r a t e s  are dependent on 

t h e  a r b i t r a r y  cho ice  of t he  geometry and t h e  dead volume of t h e  test  

c e l l .  T h e r e f o r e ,  comparisons of r a d i o l y s i s  measurements between l abora -  

t o r i e s  a r e  not meaningful  u n l e s s  a s t a n d a r d  geometry is  used. 

.- 
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F igure  22 shows t h e  r e s u l t s  of d u p l i c a t e  t es t s  of t h e  a lpha  r a d i -  

o l y s i s  of a dewatered FUETAP conc re t e  with the  same dose ra te  (0.56 

Mrad/h) as tes t  1 (Fig .  21).  The p res su res  genera ted  i n  t h e  dewatered 

samples are an o r d e r  of magnitude lower than  those  f o r  t h e  undewatered 

sample. P r e s s u r e  does f l u c t u a t e  i n  t h e  f i r s t  200 d ,  demonst ra t ing  a 

c y c l i c a l  bu i ldup  and d e c r e a s e  of p re s su re  and a cor responding  c a t a l y t i c  

recombina t ion  of hydrogen and oxygen. Gas sampling i n  tes t  2 a t  day 500 

i s  shown i n  F igs .  23 and 24. The l a t t e r  f i g u r e  shows the  p r e s s u r e  recov- 

e r y  superimposed on t h e  i n i t i a l  bu i ldup  of r a d i o l y s i s  gas .  Again, t h e s e  

r e s u l t s  do not  i n d i c a t e  a s i g n i f i c a n t  change i n  r a d i o l y s i s  c h a r a c t e r  

a f t e r  150,000 equ iva len t -yea r s  of a lpha  dose.  

F igu re  25 d i s p l a y s  t h e  r e s u l t s  of t es t s  4 and 5 ( d u p l i c a t e s )  of t h e  

a l p h a  r a d i o l y s i s  of a dewatered FUETAP conc re t e  with a dose ra te  about 

one-tenth of t h a t  i n  tes ts  2 and 3. The expected p r e s s u r e  o s c i l l a t i o n s  

are seen  i n  t h e  d a t a  from t e s t  4 ;  however, t he  d a t a  from t e s t  5 show no 

i n i t i a l  p r e s s u r e  o s c i l l a t i o n s  and no s i g n i f i c a n t  p r e s s u r e  r i se  u n t i l  

-250 d.  Ev iden t ly ,  i n  tes t  5 t h e  tes t  chamber w a s  not p rope r ly  balanced 
-/ 

a t  atmospheric  p r e s s u r e  a f t e r  t h e  dead-volume c a l i b r a t i o n .  S ince  the  

p r e s s u r e  t r ansduce r  could not read nega t ive  p r e s s u r e s ,  such d a t a  i n d i -  

c a t e  a nega t ive  base - l ine  o f f s e t .  

F igu re  26 shows the  a l p h a - r a d i o l y s i s  d a t a  of t e s t  6 us ing  a dewatered 

FUETAP c o n c r e t e  with a dose r a t e  (0.19 Mrad/h) ,yhich was i n t e r m e d i a t e  

between the  two dose r a t e s  of prev ious  t es t s .  The i n i t i a l  s lope  of t he  

curve  i n d i c a t e s  a t o t a l  gas  (molecules/100 eV) va lue  t h a t  i s  comparable 

t o  the  va lues  l i s t e d  i n  Table  16. The p r e s s u r e  becomes s i g n i f i c a n t l y  

c 
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h i g h e r  t han  t h a t  observed i n  t h e  o t h e r  dewatered t es t s  ( t e s t s  2 through 

5 )  a f t e r  8000 t o  9000 e q u i v a l e n t  dose-years .  S ince  t h e  d a t a  e x h i b i t  no 

i n i t i a l  p r e s s u r e  o s c i l l a t i o n s  and no p o s i t i v e  p r e s s u r e  f o r  t h e  f i r s t  

20 t o  30 d,  t h e  t es t  chamber was probably not p rope r ly  ba lanced  a f t e r  

t h e  dead-volume c a l i b r a t i o n .  The h ighe r  n o n o s c i l l a t i n g  p r e s s u r e  sug- . 

g e s t s  t h a t  t h e  p r e s s u r i z a t i o n  i s  from n i t r o g e n  a l o n e ,  which impl i e s  t h a t  

'- 

t h e  s u r r o g a t e  waste used f o r  t h i s  ba t ch  may have con ta ined  an unusua l ly  . 

h igh  n i t r a t e  c o n c e n t r a t i o n .  No f i n a l  a n a l y s i s  of t h e  waste w a s  made t o  

conf i rm t h i s  p o s s i b i l i t y .  

F i g u r e  27 p r e s e n t s  t he  d a t a  from tes ts  1 through 3 i n  volume 

( l i t e r s ,  STP) of gas  genera ted  per  kg of h o s t  s o l i d  vs  t h e  e q u i v a l e n t  

dose-years  i n  t h e  l i f e  of a real  waste drum (based on an e s t ima ted  

alpha-dose .rate of 6 r ad /h  f o r  SRP was te ) .  This  same in fo rma t ion  is 

shown i n  F ig .  20 as e s t ima ted  drum p r e s s u r e .  The r e s u l t s  f o r  t h e  dewa- 

t e r e d  samples ( t e s t s  2 through 6) at t h r e e  d i f f e r e n t  dose ra tes  are 

shown i n  F ig .  28. These d a t a ,  except  f o r  t hose  of t es t s  5 and 6 ( a s  

noted p r e v i o u s l y )  are e f f e c t i v e l y  normalized by us ing  an e q u i v a l e n t  dose- 

y e a r s  s c a l e .  

I n  t h e  undewatered case a f t e r  500 d of a lpha  r a d i a t i o n  ( t e s t  l ) ,  t h e  

volume % gas composi t ion (Table  17) w a s  t y p i c a l  f o r  t h e  r a d i o l y s i s  of 

:water,  with hydrogen and oxygen be ing  t h e  major s p e c i e s .  However, 

n i t r o g e n  was the  predominant s p e c i e s  (96 t o  98 v o l  %) i n  t es t s  2 and 3 

wi th  the  dewatered FUETAP c o n c r e t e s  (Table  1 7 ) .  These r e s u l t s  subs tan-  

t i a t e  t he  conc lus ions  of K a t ~ , ~ 7 . w h o  showed t h a t  FUETAP' c o n c r e t e s  w e r e  

ve ry  a c t i v e  hydrogen-oxygen recombinat ion c a t a l y s t s  and sugges ted  t h a t  
\ 

t h e s e  r a d i o l y s i s  products  could not accumulate  i n  t h e  dewatered FUETAP 
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4 

c o n c r e t e s .  I n  much s h o r t e r  tes ts  (200 h )  performed by Kazanj ian and 

K i l l i o n , z 8  n i t r o g e n  was a l s o  shown t o  be a major r a d i o l y s i s  product  in 

n i t r a t e - c o n t a i n i n g ,  dewatered Rocky F l a t s  Bu i ld ing  774 s ludge .  

Table  1 7 .  Compositiona of gases  gene ra t ed  i n  a lpha-  
r a d i o l y s i s  t es t s  of FUETAP c o n c r e t e  specimens 

Test  
~~ 

Compound l b  I C  2 3 

H2 46.49 49.60 0.59 0.24 

H e  1.64 0.05 1.57 0.17 

CH4 0.01 0.01 0.02 0.01 

N2 + CO 18.21 10.10 96.15 30.62 

0 2  33.10 39.88 1.32 0.20 

A r  0.15 0.03 0.33 I 68.75 

CO2 0.40 0.33 0.02 ‘ 0.01 

aMass spec t romet r i c  a n a l y s i s  i n  v o l  %. 
bGas “sample taken  a f t e r  500 d. 
CGas sample taken  a f t e r  860 d.  

8. IMPACT STRENGTH 

The FUETAP conc re t e s  are h igh-s t rength  products  (compressive 

s t r e n g t h ,  40 t o  100 m a ) .  

w i th  a geometr ic  s u r f a c e  a r e a  of 2 . 5 8  x 

MCC-1 impact t e s t s 2 9  performed on a specimen 

m2 a t  an energy of 10 J/cm3 

caused no measurable  i n c r e a s e  i n  BET su r face  area.  A mass f r a c t i o n  of 

0 .3  t o  0.4% of r e s p i r a b l e  f i n e s  ( i . e . ,  < lo  Pm) was gene ra t ed  by the  

t e s t s  (F ig .  29).  There was e s s e n t i a l l y  no d i f f e r e n c e  i n  t h e  r e s u l t s  f o r  

specimens cured at  100°C and those  p r e p a r e d  a t  250°C. 
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9.- SUMMARY 

A s  a r a d i o a c t i v e  waste form, t h e  FUETAP c o n c r e t e s  show dynamic leach  

r a t e s  of t r a n s u r a n i c s  below d e t e c t a b l e  l i m i t s  [0.01 g;/(m2*d)].  Cesium 

and s t ron t ium l e a c h a b i l i t  ies compare with those  f o r  g l a s s  ; however, t h e  

. i n i t i a l  washout is h i g h e r ,  and it u s u a l l y  dominates t h e  shor t - te rm 

(28-d) r e s u l t s .  

R a d i o l y t i c  decomposi t ion of t h e s e  low-water (<2  wt X )  FUETAP con- 

They c r e t e s  is n e g l i g i b l e  over a c c e l e r a t e d  t i m e  tests t o  > lo5  yea r s .  

are the rma l ly  s t a b l e  t o  900°C and e x h i b i t  less thermal  expansion,  than  

s tee l .  

The F'LJETAP c o n c r e t e s  are h igh - s t r eng th  products  (compressive 

s t r e n g t h ,  40 t o  100 MPa); less than 0.4 wt W r e s p i r a b l e  f i n e s  is 

. g e n e r a t e d  upon impact of - 10 J/cm3. The i r  p o r o s i t i e s  and p e r m e a b i l i t i e s  

a r e  d i r e c t l y  p r o p o r t i o n a l ,  while  t h e  thermal  c o n d u c t i v i t i e s  and dens i -  

t i e s  a r e  i n v e r s e l y  p r o p o r t i o n a l ,  t o  . the fo rmula ' s  .water/cement (w/c) 

r a t i o .  This  w/c r a t i o  depends on t h e  a l lowab le  r h e o l o g i c a l  l i m i t s  and 

t h e  water  demand of. t he  s p e c i f i c  process  waste stream. The FUETAP 

c o n c r e t e  must be t a i l o r e d  as  an engineered  b u f f e r  between the  s p e c i f i c  

waste s t ream and the  d i s p o s a l  environment.  . 

Concre tes  have been the  p r i n c i p a l  h o s t s  f o r  most low- and 

in t e rmed ia t e - l eve l  wastes  f o r  t h r e e  decades.  S ince  a c c e l e r a t e d  cu r ing  

i s  a l s o  a common i n d u s t r i a l  p r a c t i c e ,  no i n v e n t i o n s  a r e  r equ i r ed .  t o  

apply  the  F'LJETAP p rocess .  By using inexpens ive  and r e a d i l y  a v a i l a b l e  
J 

m a t e r i a l s  and, r e q u i r i n g  low process ing  t empera tu res ,  it al lows a wide 

l a t i t u d e  of fo rmula t ions  and t h e r e f o r e  accommodates a broad range of 

waste  s t r eams .  
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The combined cementitious and radwaste phases are complex mixtures. 

Identification of these phases , together with the locat ion of the 

specific nuclides, has just begun. Extensive testing has confirmed that 

FUETAP concretes can serve as durable, tenacious hosts for most of the 

major defense and reprocessing, radioactive waste streams. The ques- 

tions with regard to phase characterization are fostered by an intense 

curiosity as to why they work so well. 

This study shows that F'UETAP concretes have excellent possibilities 

as waste hosts for high-level radioactive wastes. 
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Appendix A: Compositions and P r o p e r t i e s  of SRP FUETAP Concretes  

This  appendix d e t a i l s  t he  composi t ions of t h e  c o n c r e t e  mixes (Table  
A . l )  and t h e  s imula ted  wastes inco rpora t ed  i n  t h e s e  mixes (Table  A.2) 
f o r  use i n  the  SRP FUETAP program. Phys ica l  p r o p e r t i e s  f o r  v a r i o u s  SRP 
fo rmula t ions  are a l s o  g iven  (Table A.3). 

. 

. 



Compo ne n t 

Cement 

I.R. c l ayb  

Bent. c l a y '  

F ly  ashd 

SRP was  t ee 

Sand 

Water 

D-65f 

CFR-lg 

74 
\ 

Table  A. 1. Compositions of SRP FUETAP conc re t e sa  
- - 

FUETAP c o n c r e t e  fo rmula t ion  

MCC-lh MCC-2 MCC-3 MCC-4 MCC-5 MCC-6A MCC-6B SRPZ9 

22 .o 
- 

- 

11 .o  

20.0 

27.75 

18 .0 

1.25 

- 

24.0 

- 

- 

12.0 

15 .O 

29.75 

18 .0 

1.25 

- 

22.0 

7.0 

- 

11 .o 

20.0 

20.75 

18 .OO 

1.25 

- 

22.0 

3.5 

3.5 

11.0 

20.0 

20.75 

18 .O 

1.25 

- 

22.0 

- 

- 

11.0 

20.0 

26.75 

19 .OO 

1.25 

9.05 

22.0 

3.5 

- 

11 .o 

20.0 

23.25 

19 .O 

1.25 

0.02 

22.0 

- 

3.5 

11 .o  

20.0 

23.25 

19 .O 

1.25 

0.02 

25.0 

- 

- 

12.5 

20.0 

27 .O 

14.5 

1.0 

- 

aValues are g iven  i n  w t  %. 
bInd ian  red  p o t t e r y  c l a y .  
CBen ton i t e  c l a y .  
dF ly  ash from Kingston,  Tenn. 
eCompositions are l i s t e d  i n  Table  A.2. SRP-4 waste w a s  g e n e r a l l y  used 

i n  FUETAP c o n c r e t e  specimens MCC-1 through MCC-5; SRP-6 waste was used, i n  
specimens MCC-6A and MCC-6B. 

fWater reducer  from Dowel1 Div i s ion  of Dow Chemical,  Houston, Tex. 
gDe l t a  g lucono lac tone  set  r e g u l a t o r  ob ta ined  from H a l l i b u r t o n  S e r v i c e s ,  

hMCC-l  is  used t o  i d e n t i f y  both  a Materials C h a r a c t e r i z a t i o n  Center  
Inc .  of Duncan, Oklahoma. 

s t a t i c  l each  test  and a s p e c i f i c  SRP FUETAP c o n c r e t e  formula t ion .  

. 
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Table A.2. Compositions of simulated SRP wastesa 

Simulated SRP wasteb 

Component SRP-1' SRP-Zd SRP-3e SRP-4f SRP-5B SRP-6g 

Fe203 
A1203 

Mn02 
"3O8 

PbOh 
~e02h 

Gd 203h 
CaO 

NiO 
Si02 

Na20 
Na2S04 

NiO 
Cr 2O3 

BaOp 
NaF 

Na2HP04 
Nd203I 

~e2O3i 
SrOl 

zeolitej 

38.4 
6.8 

17.1 
- 

16.5 
2.5 

- 
1 .o 

6.5 - 
- 
7.0 

6.5 
0.5 

0.3 
2.0 

1.4 
- 

- 
- 
- 

36.1 
28.2 

9.9 - 
3.2 - 
- 
2.7 

4.4 
0.8 

5.0 
0.9 

- 
- 

- 
- 

- 
- 
- 
- 

8.9 

39.0 
31.0 

10.9 - 
3.6 - 
- 
3.0 

4.9 
1 .o 

5.6 
1 .o 

- 
- 

- 
- 

- 
- 

- 
- 
- 

47.2 
9.2 

13.0 - 
- 
2.1 

2.1 
2.5 

5.9 
1.1 

6.6 
1.2 

- 
- 
- 
- 
- 
- 

- 
1 .o 

8.1 

51.3 
10.1 

14.1 - 
- 
2.3 

2.3 
3.8 

6 . 4  
1.2 

7.2 
1.3 

- 
- 
- 
- 

- 
- 
- 
- 
- 

49.9 
9.8 

13.7 
4.5 

- 
- 
- 
3.7 

6.2 
1.2 

7 .o 
1.3 

- 
- 

- 
- 

- 
1.1 

1.1 
0.5 

- 

aMajor elements are given in wt %. 
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. 
eComposite SRP waste without aluminum removal adjusted for no 

fComposite SRP waste with aluminum removal. 
gComposite SRP waste with aluminum removal adjusted for no zeolite. 
hModified formula using uranium substitutes in accordance with SRP's 

IModified formula incorporating strontium, cerium, and neodymium in 

JThe zeolite Ionsiv IE-95 was loaded with cesium equivalent to a 

zeolite . 

request. 

accordance with SRP's request. 

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 propert ies  of SRP F'UETAP concretes 

Dewatered Thermal Water/ 
densi ty  conductivity Porosity Sand cement 

Mix Waste ( g  /cm3 [W/ (ma K) 1 ( % I  (wt %> r a t i o  

MCC-1 
MCC-1 

MCC-1 
MCC-1 

MCC-1 
MCC-1 

MCC-1 
MCC-1 

MCC-1 
MCC-1 

MCC-2 
MCC-3 

MCC-4 
MCC-6A 

MCC-6B 
a 

a 
a 

a 
a 

a 
a 

a 
a 

SRP-4 
SRP-4 

SRP-4 
SRP-4 

SRP-4 
SRP-4 

SRP-4 
SRP-4 

S RP -4 
SRP-4 

SRP-4 
SRP-4 

SRP-4 
SRP-6 

SRP-6 
SRP-1 

SRP-1 
SRP-1 

SRP-1 
SRP- 1 

SRP-1 
SRP-2 

SRP-2 
SRP-4 

1.79 
1.81 

1.82 
1.85 

1.88 
1.91 

1.45 
1.49 

2.09 
1.80 

1.94 
2.49 

2.27 
1.72 

1.72 
1.39 

1.41 
1.42 

1.42 
1.42 

1.44 
1.44 

1.50 
1.88 

0.85 
0.88 

0.89 
0.88 

0.90 
0.94 

0.95 
- 

- 
0.65 

0.49 
0.44 

0.46 
0.48 

0.47 
0.47 

0.48 
0 .48  

0.48 
1 .oo 

35.1 
34.6 

34.0 
32.7 

30.4 
29.5 

- 
- 

- 
- 

26.9 - 
- 

34.7 

41.4 
- 

- 
- 
- 
- 

- 
- 
- 
- 

27.8 
27.8 

27.8 
27.8 

27.8 
27.8 

27.8 
27.8 

27.8 
27.8 

29.8 
20.8 

20.8 
27.0 

27.0 
0 

0 
0 

0 
0 

0 
0 

0 
29.5 

0.818 
0.818 

0.818 
0.818 

0.818 
0.818 

0.818 
0.818 

0.818 
0.818 

0.75 
0.818 

0.818 
0.864 

0.864 
1.02 

1.02 
0 .73  

1.02 
1.02 

0.73 
1.02 

0.94 
0.68 

aTests  made ear ly  i n  program using experimental mix formulations. 
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Appendix B: S t a t i s t i c a l  Analysis  of Uranium MCC-1 Leach Tests 

t 

The s t a t i s t i c a l  a n a l y s i s  of 70 uranium MCC-1 l each  tes ts  is  summar- 
i zed  i n  t h i s  appendix.  Table B . l  shows t h a t  t h e r e  w a s  a s i g n i f i c a n t  
d i f f e r e n c e  i n  uranium concen t r a t ions  (ppm) between waste formulas SRP-6A 
and SRP-6BY which conta ined  3.5% Ind ian  red  p o t t e r y  c l a y  and b e n t o n i t e  
c l a y ,  r e s p e c t i v e l y .  However, no s i g n i f i c a n t  t i m e  dependence of t h e  
uranium c o n c e n t r a t i o n s  (ppm) i s  apparent .  Table  B.2 shows t h a t  t h e r e  
w a s  no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  i n  uranium s o l u b i l i t i e s  
between de ionized  water (DIW) and silica-water (SIW) l eachan t s .  
However, t h e  MCC-1 b r i n e  leachant  (BRI) h e l d  more uranium i n  s o l u t i o n .  
This  i n fo rma t ion  confirms t h a t  t he  MCC-1 tes t  does not measure l each ing ,  
b u t  on ly  uranium s o l u b i l i t y ,  which w a s  found t o  be t h e  same at 40 and 
90°C i n  MCC-1 b r i n e  (BRI) (Table B.2). As  noted i n  Table B.2, t h e r e  was 
an  i n c r e a s e  i n  s o l u b i l i t y  with tempera ture  i n  t h e  MCC-1 s i l i c a  water 
(SIW). 

a 

8 

4 



Table B . l .  Duncan's mu l t ip l e  range tes ta  - uranium vs v a r i a b l e  shown 
Alpha = 0.05; DF = 66; MSE = 0.0244771b 

[Means with the  same l e t t e r  (e.g., A) are not s i g n i f i c a n t l y  d i f f e r e n t ]  

Harmonic mean Leaching 
Duncan of  t i m e  

Var i ab le  grouping c e l l  s i z e s  Mean N Waste ' (d  1 Leach 

- - Waste formula A 34.5429 0.16027 39 SRP-6BC 

A 5.69637 0.10635 53 - 28 

7 A 5.69637 0.04583 3 
, - - 

B 23.1555 0.060207 23 - - DIWe 

B 23.1555 0.03576 26 - - SIWf 

aThis t es t  con t ro l s  e r r o r  r a t e s  at d i f f e r e n t  l e v e l s  depehding on t h e  number of 
means between each p a i r  compared. I ts  ope ra t ing  c h a r a c t e r i s t i c s  are somewhat s i m i l a r  
t o  those  of F i s h e r ' s  unprotected LSD t e s t .  D. B. Duncan, ? -Tes t s  and I n t e r v a l s  f o r  
Comparisons Suggested by the Data," Biometrics 31,339-59 (June 1975). 

bAlpha = the  l e v e l  of s i g n i f i c a n c e ;  DF = err= degrees  of freedom; and MSE = 
e r r o r  mean squares .  

CComposition given i n  Appendix A. 
~ B R I  = sal t  b r ine .  
eDIW = quar t z  d i s t i l l e d  water.  
~ S I W  = s i l i c a  water. 

* I -  * 1 -  
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Table B.2. Duncan's mu l t ip l e  range tes ta  fo r  
uranium concent ra t ion  (ppm) vs temperature 

(Means with the  same l e t t e r  are not s i g n i f i c a n t l y  d i f f e r e n t )  

Duncan grouping Mean 
Temperature 

N ( " C )  

A 

A 

On waste formula SRP6Ab leached i n  BRIc 
'Alpha = 0.05 DF = 5 MSE = 2.OE-04 

Harmonic mean of c e l l  s i z e s  = 3.42857. 

0.076650 4 

0.171767 3 

On Waste formula SRP6Ab leached i n  SIWd 

Harmonic mean of c e l l  s i z e s  = 6.46154 
Alpha = 0.05 DF = 11 MSE = 2.1E-04 

A 0.032529 7 

B 0.011850 6 

90 

40 

90 

40 

aThis t e s t  con t ro l s  e r r o r  r a t e s  at  d i f f e r e n t  l e v e l s ,  depending on 
t h e  number of means between each p a i r  being compared. Its opera t ing  
c h a r a c t e r i s t i c s  somewhat resemble those of F i s h e r ' s  unprotected LSD 
t e s t .  

bComposition given i n  Appendix A. 
C B R I  = sa l t  b r ine .  
~ S I W  = s i l i c a  w a t e r .  

i 
Y 
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